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Abstract

In this study, the three-dimensional virtual reality simulation system described herein provides preoperative simulation to verify that the
osteotomy and fusion procedures chosen to treat musculoskeletal defects are appropriate. The system also provides an excellent means of
training surgeons in new operations without putting patients at risk, and may be especially useful for difficult surgical procedures often
performed in orthopedics, craniofacial disease, or plastic and reconstructive surgery departments. The system can be used to teach intern and
train resident doctors, and is a planning tool for visiting staff. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the past few years, computer graphics techniques
using medical volumes have been widely used for three-
dimensional (3D) simulated reconstruction of internal
structures of the human body [1-5]. Virtual reality (VR)-
based surgical simulation systems can provide valuable
information for preoperative evaluation and planning.
They are also useful for training, allowing students,
residents, and surgeons, not familiar with a new technique,
to gain experience before operating on real patients.
Simulation systems that employ VR techniques provide
users 3D visual and, in some cases, even auditory or tactile
environments, as well as 3D input tools that allow surgeons
interacting with virtual patients to obtain more realistic
results [6—10]. VR simulation systems provide more accu-
rate results and have a wider variety of uses than various
commercial two-dimensional (2D) X-ray projection-based
simulation systems [11,12].

The medical volume data used in 3D simulation systems
are obtained through imaging techniques such as computed
tomography (CT) and magnetic resonance (MR) imaging.
These techniques provide a series of parallel cross-sectional
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images; the image data are then represented as a volume (3D
regular spatial array). Each volume element, or voxel, repre-
sents a rectangular cuboid and is associated with a scalar
value.

Commercial volume-based 3D graphics systems provide
3D images and ‘clipping’ functions (simple planar, cylind-
rical, or spherical cuts) that allow surgeons to remove
obscuration or simulate simple surgical procedures. How-
ever, more complicated procedures such as osteotomies,
used to solve functional and aesthetic problems caused by
skeletal deformities, are difficult to simulate.

A number of osteotomy and fusion operations carry very
high failure rates: 2.4—20% for osteotomy of the mandible
and maxilla [13—-16]; 10-20% for high tibia osteotomy
[17-19]; and 5-15% for anterior fusion of the spine
[20-25]. The main causes of failure are poor anatomic
section lines, poor contact surfaces, inappropriate size and
shape of bone graft, and improper reduction position. These
problems are present even when 2D surgical simulation is
used to plan the procedure.

There are few studies in VR of the musculoskeletal
system and they try to simulate the diagnosis of the
musculoskeletal system, preoperative planning, and cranio-
facial surgical procedures [26,27]. Meanwhile, the study of
VR technique in orthopedic research and practice is recon-
structed and studied by the intact cadavers imaged using CT,
MRI and cryo-sectioning techniques [28].
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(A)

(B)

Fig. 1. Three-dimensional reality surgery simulation in a virtual environment. (A) The simulation system, equipped with shuttered glasses and a tracker. (B) A

pair of stereographic images: one for each eye.

We have developed a 3D VR volume simulation system
that can visualize conventional one-axial and multi-axial
cross-sectional images [29,30]. This system can be used to
simulate procedures, such as osteotomy of the musculo-
skeletal system, that are used to correct deformities of the
bones and joints commonly seen in orthopedics, oral and
maxillofacial, dental, and plastic surgery departments [31].
In our system, the graphics output can be in the form of 3D
or stereographic images that the user observes with shut-
tered glasses. The user can use surgical instruments attached
with a tracker to operate on the stereographic images [32]
(Fig. 1).

Using this VR surgical simulation system, we studied the
deformities and instabilities of the knees, facial bones, and
spine. Our system can simulate the actual procedures used
during osteotomy and fusion, including sectioning, recog-
nizing separate anatomic structures, removing, reposition-
ing, fusing, and healing of the structures and associated soft
tissues. During simulation, the system can provide stereo-
graphic images of skin, soft tissue, and bone surfaces to
precisely predict the outcome of every step and the whole
procedure. This preoperative verification allows the surgeon
to know whether the selected procedure can correct the
deformity satisfactorily or not.

In this preliminary study, we evaluated the usefulness
of our 3D VR system for surgical planning and prediction
of outcome in three patients scheduled to receive difficult
musculoskeletal procedures. To establish the range of
applicability in terms of teaching, we asked four surgeons
with different levels of experience to perform each
simulation.

The purpose of the research is: (a) to verify the effective-
ness of the system, whether the system can predict well the
procedures of osteotomy and fusion, (b) to test the accuracy
or validity of simulation procedure of simulator by some
operation procedure under different levels of surgeons.

2. Subjects and methods
2.1. The 3D VR simulation system

The personal computer of the 3D VR system uses a
Pentium-II 400 MHz processor, 256 MB RAM, and a 3D
graphics accelerator (Gloria XXL by ELAS Inc., Aachen,
Germany) and has a 21 in. monitor, shutter eyeglasses
(Crystal Eyes PC by Stereo Graphics Inc., San Rafael,
CA, USA), and a tracker (Inside TRAK by Polhemus Inc.,
Colchester, VT, USA).

The simulation functions of the 3D VR system are
summarized briefly later. The tracker is attached to one
end of the surgical instrument being used; the movement
of the other end of the instrument is computed according to
the position and angular attitude («) of the tracker, and the
length of the instrument (S) (Fig. 2A). Triangles are used to
approximate the swept surface of the instrument. As can be
seen in Fig. 2A, we can obtain two approximate triangles by
connecting opposite ends of two consecutive instrument
positions.

For simulating the musculoskeletal surgery, we use
boundary pointers to represent and simulate boundary
changes of bone structures and soft tissue, then normalize
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Fig. 2. Swept surface computed according to tracker position and section by
swept surface. (A) Motion of surgical instrument simulated by the tracker.
«, the attitude of the tracker; S, the length of the surgical instrument. (B)
Sectioning simulation: generating swept surfaces, computation of intersec-
tions of swept surfaces and bones. Solid arrow: swept surface; hollow
arrow: surgical instrument.

the values of the voxels so that the values do not depend on
tissue type. Because the voxel values are normalized,
repositioning of bone structures and soft tissues does not
influence the values of the surrounding voxels. Therefore,
we can change the contents of voxels to simulate various
surgical procedures. This system can (1) compute changes
of soft tissues, together with the bones; (2) simulate section,
recognition, translation, rotation, and removal of anatomic
structures along arbitrary directions; and (3) simulate fusion
and healing of bones and soft tissues.

Figs. 2-5 show how this 3D VR system simulates

osteotomy and fusion procedures including sectioning,
translating, rotating, removing and fusing anatomic struc-
tures, and healing soft tissues. The volumes used in these
figures are 20 CT slices of a human skull. Fig. 2B shows the
simulation of recognition and sectioning. It also shows the
results of a series of simulation computations: generating
two swept surfaces, computing intersections between voxels
and the swept surfaces, and changing boundary pointers and
values of the voxels at the intersections to represent the
sections. Because the stereo visual perception by the shuttle
glass may not be exact for somebody, the user may
not section the correct position; therefore, the section
simulation may fail if he sections the wrong position.

After sectioning, the system implements the recognition
computation when the user wants to move or remove the
structure. We use the seed and flood algorithm to find the
voxels inside a set of sectioned boundaries. The seed and
flood algorithm is a recursive technique used to fill an area
or volume where boundaries (endmost columns) have been
drawn closed [33]. If the boundaries of the sectioned struc-
ture do not form a closed area, the computation will flood
out of the side of the structure that still connects with the
skeleton. Therefore, the recognition simulation may fail if
the sectioned structure by the user cannot separate from the
skeleton.

The sectioned structure can be translated by interchang-
ing the contents of the voxels where the structure was and
where it will be (Fig. 3A), or can be removed by deleting the
contents of the structure voxels (Fig. 3B). When the struc-
ture is repositioned, the system also implements a collision
test by detecting whether the bone voxels are present
between the new and old position of the structure. In
Fig. 3A, the collision test shows collision of the sectioned
structure with other bone voxels. The removing simulation
may fail, if the structure is not yet recognized or a collision
occurred. The translation simulation may also fail if the
structure is not yet recognized or a collision occurs, or the
new place to which the structure translates there exists
another bone structure.

In the VR simulation environment, the surgeon can also
rotate the stereographic image to section and remove
the anatomic structures in different frontal, lateral, or even

Fig. 3. (A) Translation simulation: collision test and moving computation after recognition of an anatomic structure (bone) (solid arrow: translating structure).
(B) Removing the anatomic structure (hollow arrow: where structure was removed).
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Fig. 4. Fusing bone structures. (A) Before fusion (solid arrow: fusing structure; hollow arrow: fusing surfaces). (B) After fusing (solid star: callus formation;

hollow star: structure after fusion).

oblique views; the rotation computation is similar to the
translation computation. The rotation simulation may also
fail, if the structure is not yet recognized or a collision
occurs, or another structure occupies the place the structure
will be moved to.

Figs. 4 and 5 show the simulation of fusing separate
structures and healing of associated soft tissues. For fusing
bones, the user has to specify fusion surfaces on the two
structures to be fused (Fig. 4A). The system generates callus
bone voxels between the fusion surfaces, and recognizes the
two structures as one continuous structure (Fig. 4B). The
bone fusing simulation may fail, if the specified surfaces on
two fusing structures are not consistent.

To simulate healing of associated soft tissues, the user has
to specify healing surfaces on the two soft tissues to be
healed. The system then generates soft tissue voxels
between the healing surface, and recognizes the two soft
tissues as being continuous. Fig. 5 shows the results of
simulated healing of soft tissues. The healing up simulation
may fail, if the specified surfaces on the soft tissue for
healing are not consistent.

2.2. Actual and simulated procedures

Three patients scheduled to receive musculoskeletal
operations were selected for this study. The indications for
surgery were hypoplasia of the maxilla (retronathism)
(patient 1), osteoarthritis of the knee with genus varus
(patient 2), and instability of the lumbar vertebrae 4-5
(L4-5) with herniated intervertebral disk (HIVD) (patient

Fig. 5. Healing associated soft tissues (solid arrow: new formation of soft
tissue; hollow arrow: bone structure).

3). All patients were treated at Taipei Medical University
Hospital during the period of January 1995—February 1997.
The characteristics of the patients are summarized in
Table 1. Informed consent was obtained from all patients
and control subjects.

Patient 1, a 30-year-old man, had had a deformity of the
mandible with malocclusion since birth, and was dissatisfied
with his facial appearance. Hypoplasia of the mandible was
diagnosed, and further management with reconstruction was
advised. The operation included bilateral corrective osteot-
omy of mandible and bone fusion with bone graft.

Patient 2, a 73-year-old woman, presented with right knee
pain associated with difficulty in walking and deformity.
The plain X-ray film, clinical syndrome and signs, and CT
images of the right knee led to the diagnosis of severe
osteoarthritis with genus varus. The operation included
corrective osteotomy of high tibia and bone fusion.

Patient 3, a 52-year-old woman, had a 2- to 3-year history
of severe low back pain with mild right sciatica. Electro-
physiologic study, functional views of plain lateral X-ray
films, and MR images led to the diagnosis of instability
(spondylolisthesis, grade I) with L-HIVD at L4-5 and
L5-S1. Surgical intervention was indicated after conserva-
tive treatment failed. The operation included decompression
of the nerve root and cord, and anterior fusion of L4-5 with
a bone graft after partial osteotomy of the L4—5 space.

Patients 1 and 2 were examined with a spherical CT
system (Hispeed CT/i system, General Electric, Milwaukee,
WI, USA). Patient 3 was examined in three-axial cross-
sections (sagittal, transverse, and coronal) with a 0.5T
MR imaging machine (General Electric, Milwaukee, WI,
USA).

The actual procedures were performed by the same senior
surgeon. The clinical results after treatment were assessed
according to four criteria: (1) at least moderate to complete
pain relief, or no narcotic medication required; (2) minimal
deformity or no need for cosmetics; (3) return to pre-injury
functional status, or no abnormal appearance and normal
functional status; and (4) patient satisfaction with the
outcome of the procedure. The overall clinical outcome
was thus rated as excellent (all four of the criteria met);
good (three of the criteria met); fair (two of the criteria
met); or poor (one or none of the criteria met). Patients



Table 1

Characteristics, operative methods, and outcomes of patients (VR, virtual reality; M, male; CO, corrective osteotomy; FU, fusion; BG, bone graft; E, excellent; F, female; L, lumbar spine; G, good; HIVD,

herniated intervertebral disk; OA, osteoarthritis; N/A, not applicable)
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Follow-up post-operation Clinical results

Clinical operation

VR-simulated operation

Site of operation

Clinical diagnosis

No. Age (yr) Sex

Subject

2Y8M
N/A

CO + FU + BG

N/A

CO + FU + BG (procedure I)
CO + FU (procedure II)

CO + FU

Mandible
Maxilla

Retronathism

1* 30

Patient

N/A

2Y6M
2Y1IM

CO + FU

High tibia

OA with genus varus

F

73

Anterior FU + BG

Anterior FU + BG

L4-5 (anterior)

Instability of L4-5 + HIVD

52

* Patient 1 received two simulated procedures: procedure I: bilateral corrective osteotomy of mandible, and bone fusion with bone graft; procedure II: corrective osteotomy with restroposition of maxillary and

bone fusion, and actually received ‘procedure I’ operation.

with excellent or good results were considered to have
successful treatment outcomes.

Four surgeons of orthopedic surgery with various levels
of expertise conducted simulated surgical procedures on
each of the three patients. The surgeons included one intern
as a student, one resident as a beginner of training course,
one chief resident as a junior surgeon, and one senior
surgeon (visiting staff) as specialist. Each simulated proce-
dure was performed independently by every surgeon. Two
procedures were simulated for patient 1: mandible osteot-
omy plus bone graft, and maxillary osteotomy plus fusion
with repositioning. The two procedures may achieve the
same purpose of correcting the deformity, therefore, each
of them can be chosen to operate depending on operative
habit of surgeons. Thus, there were a total of four procedures
and 16 simulations.

The assessment of the results of simulated surgery
included seven criteria (discrete steps): (1) sectioning; (2)
recognition; (3) removing; (4) translating; (5) rotating; (6)
fusing anatomic structures; and (7) healing up associated
soft tissue. Characteristics of success step is finished over
80% by the simulation procedure in each step. The overall
VR simulation result was rated according to the number of
steps performed successfully: excellent (five or more); good
(four); fair (three); or poor (two or fewer). Simulations with
excellent or good results were considered successful.

The success rate can be improved by repeating learning
and training. However, actual procedure can only be per-
formed by irreversible procedure under a well-trained senior
surgeon.

3. Results

Clinically, all patients had satisfactory outcomes: patients
1 and 2 had excellent results and patient 3 had good results
(Table 1). There were two women and one man, and the
follow-up period of all patients was an average of 2.5 yr
(range, 2.1-2.8 yr).

The visiting senior surgeon achieved excellent results in
all four simulated procedures. The chief resident, resident,
and intern all achieved excellent results in three of the simu-
lated procedures, and good results in the other. The results
of the individual steps of simulation are listed in Table 2.
Thus, all simulated procedures had satisfactory and success-
ful outcomes.

4. Case studies

The simulated and actual outcomes of the three
patients are summarized in the following. Although
our system provides a pair of stereographic images for
every simulation procedure, we show only one image
from each pair.
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Table 2

Results of simulation of four musculoskeletal procedures, performed by four surgeons, with a 3D VR-based simulation system (P1, patient 1; P2, patient 2; P3, patient 3; PI, procedure I; PII, procedure II; (+)

successful; (—) unsuccessful; E,

excellent (five or more steps completed successfully); G, good (four steps completed successfully))

Success rate

Surgeon

Procedure

Criteria for assessment

Resident Chief resident Visiting surgeon

Intern

P3

P2

3 P1

P

P2

P1

P3

P2

3 P1

P

P2

P1

PII

PI

PII

PI

PII

PI

PII

PI
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Fig. 6. Three-dimensional images before simulation (patient 1). (A) Lateral
view of the face (solid arrow: hypoplasia of maxilla). (B) Lateral view of
the skull (hollow arrow: hypoplasia of maxilla). (C) Frontal view of the
skull (solid star: hypoplasia of maxilla).

4.1. Patient 1

Fig. 6(A)—(C) shows the 3D images of the lateral view of
the face, lateral view of the skull, and frontal view of the
skull before simulation. The deformity of the maxilla,
maxillary retronathism, is evident.

4.1.1. Procedure 1
Fig. 7 shows the 3D images during the simulation of
procedure 1. The left mandible is first sectioned. The
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Fig. 7. Three-dimensional images during the simulation of bilateral correc-
tive osteotomy of ramus of mandible with bone graft in patient 1. (A) The
left mandible is sectioned, recognized, and removed (hollow arrow: section
line of osteotomy of the ramus of the left side of the mandible). (B) The
right mandible is also sectioned, recognized, and removed (solid arrow:
section line of osteotomy of the ramus of the right side of the mandible).
(C) Frontal view of post-bilateral osteotomy and anterior reposition of the
mandible.

sectioned bone is then recognized, and the bone segment is
removed (Fig. 7A). The right mandible is also sectioned; the
section is then recognized, and removed (Fig. 7B). Fig. 7C
shows the frontal view of Fig. 7B. Two bone grafts are then
inserted into the spaces, and fusing and healing simulation
are implemented. Fig. 8 A shows the results of fusion simu-
lation, and Fig. 8B shows the results of healing simulation.

Fig. 8. (A) Simulated healing after the procedures shown in Fig. 7 (patient
1). (B) Simulated fusion after the procedures shown in Fig. 7. Comparing
Fig. 8A and B with Fig. 6A and B, we can observe that the mandible has
been moved forward and the deformity has been corrected.

Comparing Fig. 8A and B with Fig. 6A and B, we can
observe that the mandible has been moved forward and
the deformity has been corrected.

4.1.2. Procedure I1

Fig. 9 shows the simulation of the upper anterior sub-
apical osteotomy, which moves the maxilla backward to
correct the mandibular retrusion. In Fig. 9A, the surgeon
has sectioned and removed the right upper premolar teeth
and socket, and is in the process of sectioning the left
premolar tooth and socket (red line). Fig. 9B shows the
same process of sectioning the right premolar tooth and
socket. In Fig. 9C, the left premolar tooth and socket have
been sectioned, recognized, and removed.

After the two premolar structures are removed, the
surgeon sections the nasal septum to separate the maxilla
from the skull and reposition the maxilla backward 6 mm
and upward 3 mm. Then, the surgeon lets the system heal
the skull and maxilla. Fig. 9C shows the frontal view of the
rendering results after the maxilla has been repositioned and
fused with the skull.

Fig. 10A shows the rendering results after fusion, in the
lateral view. Fig. 10B shows the rendering results after
healing, in the lateral view. Comparing Fig. 10A and B
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Fig. 9. Three-dimensional images during the simulation of upper anterior subapical osteotomy, performed to move the maxilla backward to correct mandibular
retrusion (patient 1). (A) Simulation of upper anterior subapical osteotomy. The right upper premolar tooth and socket have been removed, and the left
premolar tooth and socket have been sectioned (solid arrow: osteotomy site on the right side of the maxilla; red line socket). (B) The left premolar tooth and
socket are also sectioned, recognized, and removed (hollow arrow: osteotomy site on the left side of the maxilla). (C) Simulation of fusion of the sectioned and

repositioned maxilla with the skull (solid star: repositioned and fused maxilla).

with Fig. 6A and B, we can observe that the maxilla has
been moved backward, and the deformity has been
corrected. This preoperative verification indicates that the
procedure can correct the deformity satisfactorily.

4.2. Patient 2

Fig. 11A shows the CT image (256 X 256 X 26 voxels) of

the knee before simulated surgery. As the angular deviation
of the anatomic axis of the femur and tibia is 14°, the
deformity is classified as a type of osteoarthritis with
genus varus. The surgeons simulated a high tibia osteotomy
to correct this deformity, by sectioning horizontally to the
tibia about 2.5 cm below the tibia plateau, then sectioning
obliquely to form a wedge-shaped bone fragment (Fig. 11B).
The tibia and fibula were then rotated to correct the angular
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Fig. 10. Results of simulated upper anterior subapical osteotomy in patient
1. (A) Rendering results after healing, in the lateral view. (B) Rendering
result after fusion, in the lateral view. Comparing Fig. 10A and B with Fig.
6A and B, we can see that the maxilla has been moved backward, and the
deformity has been corrected.

deformity, and the bone was fused (Fig. 11C). The small
angular deviation after simulation (about 2°) suggests that
the proposed surgical procedures can achieve a satisfactory
result.

4.3. Patient 3

Patient 3 required anterior fusion with vertebral osteot-
omy and bone graft for instability of the lumbar spine. In
this case, MR image slices were used for VR simulation.
The whole simulation process is shown in the frontal view in
Fig. 12A, and the lateral view in Fig. 12B. The results of the
preoperative simulation indicated that anterior fusion of
L4-5 with osteotomy of L4 and L5 plus autogenous bone
graft with an iliac bone block graft would achieve the
desired result.

5. Discussion

Traditional paper surgery and model surgery simulation
techniques are not practical for simulations of osteotomy
and fusion. Moreover, the entire preparatory process for
implementing osteotomy and fusion operations is compli-
cated, time-consuming, and imprecise. Our new system can
solve these problems, because the system can provide inter-
active simulated result for every step of surgical procedure.

In our system, we compute the soft tissue changes as
bones. This approach may not precise, because soft tissues
are not rigid. However, simulating soft tissue changes is
complicated. Usually, the finite element method must be
applied for computing results precisely [32]. This approach

Fig. 11. Three-dimensional images of simulated high tibia osteotomy of the right knee (patient 2). (A) Bone surface of the knee (frontal view). (B) Simulation
of sectioning and removing the wedge-shaped bone fragment (arrow: wedge-shaped osteotomy). (C) Simulation of rotating the tibia and the fibula to fuse with

the proximal tibia.
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Fig. 12. Segmentation and surgery simulation in the frontal (A) and lateral
(B) views (numbers refer to (A) and (B)) (patient 3). (1) Bone surfaces
(white areas) of the lumbar spine, including disc spaces (green areas), and
spinal cord and roots (red areas). (2) The same as in (1), after bone disarti-
culation (hollow arrow: far lateral disc, protruded L5—S1 and L5 nerve root
compression; solid arrow: central disc, extruded L4-5, and L4 nerve root
compression). (3) Results of simulated anterior decompression, discect-
omy, and partial corpectomy (osteotomy of the lower portion of L4, and
upper portion of L5) (hollow star: instability of lumbar space, after anterior
osteotomy (partial corpectomy). (4) Fusion with a suitable bone graft (from
iliac bone) after osteotomy (solid star: bone graft).

becomes expensive in terms of computation. The reposi-
tioned soft structures in corrective osteotomy are usually
small. Therefore, we simplify the repositioning calculations
by considering the associated soft tissues as rigid structures,
and deal with these tissues as structures with separate
volumes that are conjoined to the structure of interest.

The VR technique described herein can be helpful in the
management of disease of the musculoskeletal system, such
as for correction of deformity, instability, and functional
impairment. The results of this study show it to be a feasible
and practical tool for clinical and theoretical study.

Osteotomy and fusion involving the musculoskeletal
system can be complicated and difficult procedures. The
new VR simulation technique provides preoperative plan-
ning and practice, which may help in overcoming these
difficulties. Surgeons, students, as well as specialists, can
perform the simulation until satisfactory results are
achieved.

In the future, this system can be further developed as a

tool for diagnosis, management planning, and prognosis
assessment. The addition of a hatpin function, by using
force feedback devices, may improve its usefulness.

6. Summary

Simulation of osteotomy and musculoskeletal fusion is
difficult with currently available surgical simulation techni-
ques. In this study, we evaluate the usefulness of 3D simu-
lation in a VR environment for simulation and preoperative
planning of difficult osteotomy and musculoskeletal fusion
procedures.

Three patients scheduled for osteotomy or musculo-
skeletal fusions were recruited. One patient required osteot-
omy and anterior fusion of the spine, one required high tibia
osteotomy, and the other required corrective osteotomy of
the maxilla and mandible. Four surgeons (one intern, one
resident, one chief resident, and one visiting senior surgeon)
used the new 3D VR system to simulate the surgical proce-
dures, each of which required steps of sectioning, recogniz-
ing, removing, translating, rotating, and fusing of bone, as
well as healing of anatomic structures and associated soft
tissue. Two different operations were simulated for one of
the patients; thus, 16 simulated and three actual procedures
were performed. The results of simulation were compared
with intraoperative findings and postoperative outcomes.

Two of the patients had excellent outcomes and the other
had a good outcome from the actual procedure. The success
rates of each step of the simulations (defined as >80%
completion of the procedure) were as follows: sectioning
of bone, 11/16; recognition of computation, 13/16; remov-
ing the sectioned structure, 10/16; translating the structure,
13/16; rotating the structure, 7/16; fusion, 13/16; healing,
15/16. The four surgeons had similar success rates for each
step.

In conclusions, this 3D VR simulation technique appears
to be a feasible and practical tool for simulation and
planning of osteotomy and musculoskeletal fusion, and
may be particularly useful for difficult procedures com-
monly performed in orthopedics, craniofacial reconstruc-
tion, and plastic surgery departments.
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