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Abstract Although careful planning of surgical approach is
a key for success of surgery, conventional planning and sim-
ulation tools cannot support detailed discussion. This issue
is derived from the difficulty of estimating complex physical
behavior of soft tissues provided by a series of surgical pro-
cedures like cutting and deformation. This paper proposes
an adaptive physics-based framework that simulates both in-
teractive cutting and accurate deformation on virtual bodies,
and performs preoperative planning for supporting strategic
discussion. We focus on limited use of the two models: A
particle-based model and an FEM-based model consider-
ing required quality and performance in different situations.
FEM-based deformation of incision accurately produces es-
timated surgical fields. Based on the framework, a strategic
planning system was developed for supporting decision of
surgical approach using 3D representation of the surgical
fields. We applied clinical CT dataset of an aortic aneurysm
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case to the system. Some experiments and usability tests con-
firmed that the system contributes to grasping 3D shape and
location of the target organs and performs detailed discussion
on patient-specific surgical approaches.

Keywords Preoperative planning - Surgical simulation -
Physics-based modeling

Introduction

Computer graphics (CG) and virtual reality (VR) are find-
ing increasing uses in the medical field. The visual and
interactive characteristics of virtual reality are effective in
understanding complex 3D structures of human bodies {1
3] Computer-assisted systems based on VR techniques are
widely utilized as essential tools for surgical planning and for
evaluation of surgical intervention [4-6]. At present, some
clinical uses have been reported especially in orthopaedic
and plastic surgery [7].

Planning systems are also desired in the fields of cardio-
vascular and abdominal surgery. On the basis of our analysis,
this demand is specifically derived from difficulty of decid-
ing patient-specific best surgical approach. Surgical fields
and obtainable view during surgery are clearly different due
to various kinds of surgical approaches. Once the surgical
field is adequately prepared and sufficient space is kept for
manipulation, overall procedures become easy to perform.

Skilled surgeons proficiently estimate 3D surgical fields
from 2D images using knowledge and experience, and deter-
mine the best surgical strategy. In spite of their effort, how-
ever, some unsuccessful results have been reported. Several
reports describe that additional incision and emergent oper-
ation were sometimes required for complete treatment [8].
Although a variety of approaches are standardized based on
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diseases, decision of the patient-specific best approach is a
difficult task even for skilful surgeon. Especially, this trend
appears in minimally invasive surgery and in rare cases with
anamorphous.

Generally in surgery, cutting a body (e.g., skin and fat)
and opening the incision create 3D geometry of the surgi-
cal field. Absolute location of the target organ, like an aorta
or a heart in cardiovascular surgery, does not change unless
the geometry is strongly affected by ablation process. Con-
sidering this feature, simulating above-mentioned surgical
process provides effective estimation of surgical field, which
is indispensable for detailed strategic planning of surgical
approaches. However, the foregoing systems [3-7] cannot
be applied to such planning use. To increase applicability of
current planning tools, combination with accurate physics-
based simulation is desired.

This study aims to establish a new approach to support
planning of patient-specific surgical strategy using virtual
reality-based simulation. An adaptive physics-based frame-
work is proposed for simulating the essential procedures in
constructing a surgical field. The proposed methods enable
both interactive soft tissue cutting and finite element-based
deformation of incision on virtual patient models. Based on
the framework, we developed a strategic planning system
that supports decision of surgical approach in cardiovascu-
lar surgery. This paper evaluates clinical significance of the
system using patient CT dataset of an actual aneurysm case.
Field trials are given with some cardiovascular surgeons, and
characteristic effect of the strategic planning is confirmed.

Related work

Both soft tissue cutting and deformation of incision on vir-
tual bodies efficiently simulates surgical procedures in con-
structing surgical fields. The estimated surgical field gives
effective information to plan surgical strategy. Because sur-
geons desire to discuss and to rehearse various approaches
while observing the estimated 3D surgical field, accurate and
interactive simulation is required.

A volumetric and efficient topological modeling is essen-
tial to create incision based on a physics-based manner. So
far, several approaches have been proposed to perform virtual
cutting. Most foregoing methods that handle only surfaces
of virtual objects are not useful for generating a deformed
deep cut surface of incision where inner tissues spread apart
through cutting manipulation [9, 10]. Although voxel-based
models [11, 12] provide volumetric representation, they can-
not support real-time deformation of soft tissues.

In order to simulate volumetric soft tissue cutting inter-
actively, Bielser and Gross [13] employ a tetrahedral sub-
division scheme. Tetrahedral subdivision is useful to define
cut surfaces and valid mesh modification. At present, more

a Springer

detailed subdivision algorithms [14, 15] are proposed. In or-
der to represent real-time physical behavior during cutting
soft tissue, particle-based models (mass-spring models) [16-
19] are normally applied for performing interactive update
rates while handling mesh modification. In case of apply-
ing particle-based models, however, simulation accuracy is a
key problem for realistic surgery simulation. This problem is
mostly due to computational properties of particle systems
that are sensitive to their own topology. To perform accu-
rate simulation, the virtual object has to consist of fine and
detailed mesh, and proper parameter setting of elements is
also required. However, increase of elements (or calculation
cost) becomes a serious drawback to interactive simulation,
and therefore providing accurate deformation of incision is
currently one of the significant research issues.

On the other hand, a finite element method (FEM)
[4,20,21] is known as the computationally most accurate
model to simulate biomechanical behavior of elastic soft
tissues. Although FEM-based simulation provides accurate
and stable deformation, it takes large cost in calculation. To
perform real-time interaction with a volumetric deformable
object, a condensation technique [20] is proposed. However,
this approach requires pre-computation, which is incompat-
ible with topological change in cutting simulation. Several
models [22, 23] also enable interactive cutting based on finite
element formulation, the quantitative validation is not con-
firmed, and further adaptation is needed for practical plan-
ning use.

From this viewpoint, forgoing methods cannot be applied
directly to estimate surgical fields. Also, such practical ap-
plications that enable planning of surgical approach are not
proposed or developed. To improve applicability of both
current models and computer-assisted planning, this paper
presents an integrated simulation framework, and aims to
develop virtual reality-based strategic planning system.

Physics-based simulation of constructing
surgical view

In order to simulate construction of surgical fields, we focus
on a series of surgical procedures: Cutting and deformation
of incision, and extract the following functions that should
be provided by the planning system.

e Interactive performance on detailed models

o Complete subdivision of tetrahedral mesh

e Fast remodeling of stiffness matrix

o FEM-based deformation of incision in real time

To satisfy these requirements on standard PCs, this pa-
per gives an adaptive physics-based framework to simulate
surgical procedures in constructing surgical fields. Figure 1
illustrates outline of the methods. The framework has two
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Fig. 1 Adaptive physics-based simulation framework

simulation parts: Interactive soft tissue cutting and real-time
deformation of incision.

The interactive cutting part provides efficient and stable
computation, and can be applied to large dataset that have
huge elements. A particle-based model and a fast computa-
tional structure are employed to perform interactive simu-
lation. Also, modeling of stiffness matrix using a complete
tetrahedral subdivision scheme enable finite element-based
deformation after mesh modification. This adaptation of the
models aims to perform both interactive performance and
simulation accuracy suitable for each surgical procedure.

Adaptive tetrahedral subdivision

In order to create cut surfaces for visualizing volumetric
incision on virtual anatomical models, new edges and poly-
gons are needed. However, complex description [13-15] is
required to inherit topology of tetrahedral objects, and rad-
ical increase of the elements becomes a serious drawback
to interactive simulation. For this issue, this paper presents
adaptive tetrahedral subdivision that describes complete and
minimized mesh modification.

Fig. 2 Definition of cut surface
(C: clipping plane, S: cut
surface, T: tetrahedral object):
(a) Intersection between a
clipping plane and tetrahedra,
(b) movement of vertices on the
clipping plane

For concrete description of the methods, we assume a sit-
uation that a virtual scalpel cuts into a 3D virtual body that
is composed of tetrahedral mesh. Movement of the virtual
scalpel defines a clipping plane C, which clips a cut sur-
face S from tetrahedral objects T. Figure 2(a) illustrates the
relationship between these three elements. Note that incom-
plete intersection appears at some tetrahedra because C is
given as a partial plane by cutting manipulation. This incom-
plete intersection is shown at the rightmost tetrahedron of
T in Fig. 2(a). For this situation, we define the cut surface
S by removing incomplete intersection instead of handling
complex patterns [14, 15] of the whole intersection. Definite
solution that removes incomplete intersection is illustrated
in Fig. 2(b), which represents movement of vertices on the
clipping plane C. For example, the vertex A is updated to
the vertex A’ on the boundary B of the clipped area C. The
movement vector of the vertex is given as an average of
edge vectors (v1, v2) that intersect at B. All adjacent ver-
tices outside of the area C are moved and replaced on its
boundary B.

The cut surface S can be simply represented as combina-
tion of the two intersection patterns in Fig. 3. Some edges
are inserted into the object to define complete subdivision for
finite element modeling. The generated surface S provides
volumetric incision. In order to describe small deformation
of incision while cutting tissues, a remodeling scheme of
the particle-based system [24, 25] is applied to all edges
that are clipped by C. The scheme represents internal ten-
sion: Biomechanical characteristics of soft tissues including
skins, fats, muscles, and organs.

Implementation of the methods is simple because complex
description of subdivision patterns is not required. More-
over, this approach provides more efficient solution that re-
duces growth rates of vertices than that proposed in foregoing
works [13-15].

Due to the fact that increase of elements grows up calcu-
lation cost, large-scale simulation that handles all elements
of virtual bodies cannot produce interactive performance. To
solve this problem, J. Berkeley et al. reduced calculation
cost and achieved valid solution using localization of simu-
lation area [26]. However, since the method aims to provide
static localization in the stage of pre-processing, it must not
be applied to global and dynamic manipulation directly. We
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Fig.3 Minimal tetrahedral subdivision: (a) Four-edge intersection and
(b) three-edge intersection

improve the method, and produce an advanced approach to
perform dynamic localization.

Figure 4 shows an image of the proposed dynamic local-
ization. Since physical interference in actual tissue cutting
does not influence on large area, it is reasonable to assume
that only a part of vertices around the contacted point are
affected by physics-based simulation. The fixed vertices al-
low not only controlling calculation cost but also keeping the
physical system stable.

To concrete this scheme computationally, a hierarchy of
elements is constructed using adjacent information. In the
pre-processing stage, a class structure is developed to man-
age a 3D anatomical object that consists of primitive ele-
ments: Vertices, edges, polygons, and tetrahedra. All edges,
polygons, and tetrahedra have pointers of their component
vertices, and hold relational information such as adjacent,
parent and child elements. This class structure makes it easy
to access and to search topologically related elements and
computational cost in constructing hierarchy of elements can
be efficiently reduced.

Figure 5 illustrates a mechanism of dynamic localization
using the hierarchy of vertices. The root node of the tree is
dynamically updated to the nearest vertex around a tip of the
virtual scalpel. When collision between the scalpel and the
tissue is detected, the nearest surface vertex in Fig. 4 is as-
signed as a root vertex, and its children are configured as ad-
jacent vertices. Note that the hierarchy is reconstructed par-
tially using stored relational information between elements.
The depth d or the number of vertices n briefly manage the
level of localization. For example in Fig. 5, the number of
free vertices is 10. When the hierarchical structure is con-
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Fig. 5 Localization of calculation using hierarchical structure of ele-

ments

structed, fixed status is initially given to all vertices and then
10 vertices are freed by breadth-first search. Thus, using the
number of vertex as a threshold of localization, the lower ver-
tices in the tree are fixed and the upper vertices are allowed
to move for deformation. This procedure is processed per
one simulation cycle and allows users to adjust simulation
accuracy and interactive performance.

FEM-based deformation of incision

Next, this section presents a modeling scheme that enables
finite element-based simulation after cutting manipulation.

As described above, we applied a particle-based model
to achieve interactive performance in cutting simulation.
However, the particle system does not allow accurate mod-
eling of elastic properties. In this situation, finite element
method based on linear elasticity theory is useful. Although
pre-processed finite element model can optimize calculation
cost, condensation techniques [20] have been incompatible
with cutting simulation because it requires time-consuming
manual pre-processing.

For providing FEM-based deformation in real time even
after topology modification, the proposed scheme aims to
switch the particle-based model to the linear finite element
model [20] automatically as a background process. This pro-
cess constructs a condensed inverse matrix by the following
procedures.

1. The modeling area is defined around incision by inte-
grating whole area localized by dynamic localization in
Fig. 4.

2. All tetrahedra in the modeling area form a localized elastic
object, and all vertices outside the area are fixed.

3. The inverse stiffness matrix of the localized object is cal-
culated automatically from assigned elastic parameters
(Young’s modulus and Poisson’s ratio).

4. Parallel CPU workstations with a shared memory effi-
ciently support the proposed scheme (Fig. 6). A first
CPU continues calculation of particle-based deforma-
tion for interactive and valid estimation, while a second
CPU is processing the modeling algorithms. Once the in-
verse stiffness matrix is constructed, finite element-based
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Fig. 6 Dynamic finite element modeling

simulation is given. If other CPUs calculate larger ma-
trices, more accurate simulation can be performed after
each process is over. To perform seamless switch of the
two models completely, proper parameters should be as-
signed to the particle system based on finite element for-
mulation. However, in this case, strict parameter setting is
not essential because deformation of incision is still small
just after cutting manipulation.

A virtual hook model

In real surgery, a surgical hook is used to open incision for
setting up surgical fields. To simulate such physical behavior,
we give a virtual hook model and perform FEM-based de-
formation of incision. Interaction between the surgical hook
and the incision is simplified as point-based interaction be-
tween several control points and the virtual body. Figure 7
illustrates the virtual hook model using two control points
per one hook. The direction for opening incision is defined
as a normal of the cutting vector.

This approach enables widespread deformation in real
time as well as simulates valid physical interaction between
virtual bodies and surgical hooks. Increasing the number of
control points provides accurate simulation results instead
of requiring large calculation cost. The optimized number
of control points is determined under the condition that the
system maintains over 30 Hz refresh rate.

Fig. 7 A virtual hook model to simulate widespread deformation of
incision

Hybrid virtual body

For supporting strategic planning of soft tissue surgery, VR-
based preoperative rehearsal system requires both interactive
simulation and high-quality visualization of soft tissues. Al-
though a voxel-based representation (Fig. 8(a)) is currently
used for diagnosis or preoperative planning, it is incompat-
ible with physics-based soft tissue simulation. So far, most
studies adopted model surfaces because of achieving inter-
active performance. Although surfaces are compact and easy
to render, surface representation lacks internal information.
In addition, large number of surfaces are required to visu-
alize complex 3D geometry of anatomical structures (e.g.,
myocardium and blood vessels etc.). Also, strict volume seg-
mentation and surface reconstruction from medical images
are time-consuming tasks.

In order to provide interactive simulation while visualiz-
ing key features like coronary, this study proposes an efficient
hybrid approach to construct virtual bodies. Figure 8(b and
c) illustrates a hybrid virtual model which is composed of
both tetrahedral mesh and voxels. Because this paper han-
dles physics-based simulation on the body, tetrahedral mesh
is used to represent a breast part and other inner tissues
consist of voxels. This adaptation is useful to establish both
interactive simulation and high-quality volume rendering of
tissue status. Note that this hybrid approach does not require
high-cost manual segmentation because the breast part is
easily extracted from CT/MRI dataset.

Evaluation and results

This chapter examines functions and availability of the pro-
posed methods for preoperative strategic planning. Several
experiments were given by applying clinical dataset mea-
sured from CT.

System configuration

The overall methods were integrated into the interactive sim-
ulation framework, and a strategic planning system was con-
structed. The simulation framework was installed on a stan-
dard PC (CPU: Pentium 4 Dual 2.4G Hz, Memory: 1024 MB,
Graphic Card: nVidia Quadro4 900 XGL and OS: Windows
XP). Force feedback during cutting manipulation is simply
provided based on the haptic rendering scheme [27] through
a PHANToM (Sensable Technologies). Surgical plans or in-
cision are also given on virtual bodies directly by mouse
manipulation based on the 3D input method [28]. The simu-
lation results strictly fulfill interactive refresh rate, 30 Hz for
visual feedback and 1000 Hz for haptic feedback.
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Fig. 8 (a) Voxel-based model
and (b and c) hybrid model
mixing mesh and voxel for
enabling both real-time
computation and high-quality
visualization

Quality and performance of interactive cutting

This section demonstrates quality and performance of the
methods. Clinical CT images (256° voxels) in an aneurysm
case were adopted. We constructed the hybrid virtual
body from CT voxels using modeling software Amira 3.1
{(Mercury Inc.). Firstly, we eliminated 3D lung region by fil-
tering lung voxels based on CT value. Then, the chest wall
was semi-automatically extracted by cutting out 3D heart re-
gion based on region growing algorithms and manual paint
tools. After the labeling stage, 3D surfaces of a chest wall
were created, and then divided into finite tetrahedra. The re-
constructed virtual chest object has 17,582 vertices, 100,807
edges, 19,964 polygons, and 73,279 tetrahedra. The internal
voxels were obtained by subtracting the chest wall part from
the entire body voxels. Also, bone was extracted based on
CT value from chest wall voxels. This process takes approx-
imately 10 min. Thus, since the geometry of the chest wall is
not complex, the hybrid virtual body is simply constructed.

Figure 8 shows the constructed hybrid model and com-
pares it with an ordinary volume rendering result of entire
voxels. Bone and internal structure like the heart and the
blood vessels are voxel models and chest wall is composed
by tetrahedral mesh (see Fig. 8(b) and (c)). This hybrid virtual
body performs both physics-based simulation and visualiza-
tion of the target organs and tissues like aneurysm, coronary
and internal artery. The 3D positional relationship is the key
information for planning surgical approach.

Interactive cutting and simulated volumetric cut on the
chest wall mesh are demonstrated in Fig. 9. A bright part of
the chest wall near the virtual scalpel represents the localized
area where physical simulation is applied. In this case, the
localization depth was set as 4. The area dynamically moves
to follow the tip of the virtual scalpel. Intersected tetrahedra

Fig.9 Interactive soft tissue
cutting on virtual chest wall (1,
2,and 3 5)
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by the scalpel are subdivided, and deformed incision is rep-
resented by relaxation of internal tension [24, 23] between
elements. Figure 10 shows some examples of cuts with dif-
ferent tension. In this case, average calculation time per one
frame was 2.3 ms.

To clear the performance of mesh modification tech-
niques, average increase of elements after cutting manip-
ulation are compared between some models. Table 1 shows
increase of elements and subdivision patterns required for
implementation. Model 1 is generalized subdivision. This
model gives static subdivision per tetrahedron and yields lots
of new tetrahedra. Models 2 [13] and 3 [15] handle several
subdivision patterns and reduce creation of new elements.
Model 4 is the proposed adaptive tetrahedral subdivision.
Compared to other existing models, the increase of elements
is restrained and only two patterns like in Fig. 3 are takeninto
consideration. Thus, the proposed subdivision scheme mod-
erates increase of calculation time in addition to enabling
simple implementation.

Finite element-based deformation of incision

Although the particle-based model efficiently simulates
small deformation and intuitive visual appearance during
cutting manipulation, it does not assure accurate deformation
results based on continuous elastic theory. In order to per-
form valid estimation of the surgical field, our main strategy
is to use FEM-based simulation for estimating deformation
of incision.

In order to use the two simulation models compatibly,
modeling time (e.g., matrix calculation time) and update time
per deformation are essential. Calculation time for finite el-
ement modeling depends on the number of target vertices
in localized area near the incision. In Fig. 9, 462 vertices
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Fig. 10. Example of simulated
incision in case of 2, 4, and 6%
tension

around incision become the modeling targets and 8.4 s is re-
quired for constructing the stiffness matrix. The localization
scheme reduces modeling cost and gives valid estimation
based on physical characteristics of soft tissues. This ap-
proach allows the user to input the incision interactively and
to simulate accurate FEM-based deformation after several
seconds.

Next, we confirm quality and performance of FEM-
based deformation of incision using the proposed virtual
hook model with four or eight control points. As shown in
Fig. 11, deformed incision depends on the number of control
points. In case of (b), smooth incision is provided. However,
even in the eight control point case, the shape of incision
seems not to follow the hook shape. Since the control points
become boundary condition to the FEM model, the deforma-
tion results are influenced by their placement on the model.
Although more accurate simulation results are obtained using
a detailed hook model, increase of control points becomes
drawback to real-time deformation. In case of Fig. 11, the
calculation time per one frame was 1.91 and 7.54 ms, re-
spectively. Because large incision is estimated to be at most
40 cm in surgery, this quality and performance are valid for
specific planning use.

Clinical trial

Thirdly, field trials were given with four cardiovascular sur-
geons using the developed system and clinical CT dataset.
Figure 12 illustrates a hybrid virtual body reconstructed from
an aortic arch aneurysm case. The chest wall consists of tetra-
hedral mesh and other parts like bone, aorta, and heart are
voxels.

Table1 Comparison of mesh modification techniques

Increase of elements  Subdivision pattern

(Average)
Model 1 (General) 16 1
Model 2 8.6
Model 3 56 11

Model 4 (Adaptive) 4.8

2D CT images were first presented to the surgeons.
The surgeons discussed the best approach by the con-
ventional way used in the current preoperative planning.
Three standard approaches: Median incision approach, inter-
costal incision approach, and distal incision approach were
considered. Consequently, two surgeons selected median
incision approach and the other surgeons selected intercostal
approach.

To support discussion for these two approaches, the de-
veloped planning system was used. The surgeons rehearsed
procedures in approaching the target aneurysm region. Cut-
ting line was given on the 3D virtual patient model and
incision was opened interactively. Figure 12(a) illustrates
the planned median incision and the estimated surgical field.
The simulation results show that median incision approach
is easy to palpate aortic arch around the aneurysm for grasp-
ing sclerosis status. However, a part of distal aneurysm
cannot be observed. Thus, the surgeons confirmed sev-
eral key points that require careful treatment in surgery.
Figure 12(b) shows the intercostal incision approach and
the estimated surgical field. Although this approach en-
ables surgeons to recognize whole shape of aneurysm, it
also suggests a possibility of removing the costal. The sur-
geons compared the two approaches using simulation results
and determined intercostal incision approach is better based
on the relationship of the aneurism region and the surgical
field.

We also gave another experiment, which is totally vir-
tual preoperative planning of minimally invasive direct coro-
nary artery bypass grafting (MIDCAB). Surgeons gave

Fig. 11 Deformation of incision using four and eight control points
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Fig. 12 Resuits of strategic
approach planning of aorta
aneurysm surgery. (a)
Rehearsing midline incision
approach and estimated surgical
field. Aneurysm is partly
observed. (b) Intercostal
incision approach. Aneurysm is
grasped without bone. (c)
Surgical approach selected in
virtual MIDCAB planning.
Anastomotic point is located at
the center of surgical field

cutting lines for approaching the region and the target point
where an internal artery is connected was visualized on the
3D patient model. Four different approaches were proposed
(Fig. 12(c)). The surgeons carefully observed relationship
of the target point and incision and selected one best ap-
proach. The target point of the selected approach is located
in the center of the surgical field. The surgeons used this
factor to determine the best approach and adjusted inci-
sion by rotating or enlarging the virtual body. These re-
sults show the reconstructed surgical field is efficient to
discuss fine adjustment of incision in minimally invasive

surgery.
Characteristic evaluation

Finally, characteristic evaluation was given based on the re-
sults of the field trials. Each surgeon marked one to five points
to six questions on a questionnaire. The first three questions:
3D shape, location, and quality of the simulated surgical field
are selected as functional requirements for strategic planning.
Planning effect, crisis recognition, and overall necessity are
also examined in order to evaluate availability of the total
system.

The averages of the points are designated in Fig. 13.
The results assure that the simulated images of the sys-
tem are sufficient to grasp 3D shape and location of
the organs in the surgical filed. However, as a result

a Springer

of discussion with the surgeons, they require more de-
tailed image of other minute organs and tissues such as
coronaries and nerves. From this viewpoint, they com-
mented the increase of overall applicability of the sys-
tem required to improve visual quality of anatomical
information.

Discussion

The result of evaluation demonstrates that the developed
system simulates procedures for setting up surgical fields
and efficiently supports planning of surgical approach. On
the other hand, several issues on the system are also revealed.

In this paper, uniform value is used for elastic parameters
(e.g., springs and their tension) of the model. For improving
reality of interactive cutting, detailed parameter setting is re-
quired considering topology of the mesh. However, resetting
all parameters of particle systems is time-consuming task
and is not always necessary because deformation of incision
is still small during cutting manipulation. After cutting op-
eration, accurate deformation of incision is provided based
on finite element formulation.

Although the developed framework employs a linear finite
element model for performing accurate simulation results,
deformation of incision by surgical hooks become large es-
pecially in open surgery. In this case, the linear elastic model
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Fig. 13 Characteristic evaluation of the strategic planning system

is not sufficient due to non-linear anisotropic characteristics
of soft tissues. In order to simulate such physical behavior,
several methods [29] have been reported.

Regarding functions of the planning system, several pro-
cedures (e.g., ablation) in setting up surgical fields are
skipped. This assumption is effective under the condition that
the target organ does not change its position drastically like
in minimally invasive surgery or in some cases of thoracic
surgery. To improve applicability of the system, influence of
both organ—organ interaction and ablation process should be
handled.

Consequently, our future direction is to improve quality
and performance of the physics-based framework and to ex-
amine validation of the system through clinical trials.

Conclusion

This paper first proposes an adaptive physics-based frame-
work that simulates both interactive cutting and accurate
deformation on reconstructed virtual bodies.

The framework modifies tetrahedral mesh via cutting ma-
nipulation, and then constructs stiffness matrix required for
finite element-based simulation. This adaptive subdivision is
simple for implementation and efficiently reduces increase of
elements. In addition, the fast computation scheme provides
valid solution for simulating widespread soft tissue cutting
interactively.

A deformable incision model using a virtual hook enables
widespread deformation in real time, and simulates construc-

tion of estimated surgical field. Improving simulation quality
using online finite element modeling is effective to achieve
realistic estimation of intra-operative physical behavior for
preoperative planning,

Using the proposed methods, we developed a strategic
planning system that supports decision of surgical approach,
and applied measured clinical dataset of an aortic aneurysm
case. Some experiments and usability tests made it clear
that the system contributes to grasping 3D shape and lo-
cation of the target organs. These results confirm that the
developed system efficiently supports detailed planning of
patient-specific surgical approaches.
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model’s elasticity
conditions by
simulating a surgical
procedure. Trainees
experience the
elasticity by
attempting the same
surgical
manipulation.
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nowledge of soft-tissue bioelasticity
is essential to medical practitioners
in making a successful diagnosis and
skillfully carrying out surgical pro-
cedures, such as palpation or handling surgical
tools. Intraoperative palpation, for example, lets
clinical medical practitioners determine the med-
ical status of the body’s organs, so it’s essential
that practitioners understand soft tissue’s physi-
cal characteristics. Currently, general bioelastici-
ty training is conducted in a “learn by doing”
approach during daily medical work. This
approach, the traditional style of clinical educa-
tion, offers few chances for practice in clinical
fields. Consequently, it's difficult for students to
gain systematic experience in dealing with a wide
variety of diseases or rare cases.
In this article, we describe how we construct-

1070-986X/06/$20.00 © 2006 IEEE

ed haptic media to represent the specific physical
behavior of a beating aorta for instructing intra-
operative palpation in cardiovascular surgery. We
analyze the results of a communication sequence
during a user study that involved skilled cardio-
vascular surgeons and students who trained on
haptic interaction using our virtual, deformable
models. The study tested this method’s effective-
ness in communicating both key elasticity prop-
erties and the means of manipulation required to
master palpation. It's difficult to determine an aor-
ta’s bioelasticity, especially in cases such as sclero-
sis, Therefore, both the approach we created and
the quantified knowledge gained during our study
will be useful indices for the future development
of hapticaily valid anatomical models.

We chose this area to investigate because cur-
rently, there's no training environment provid-
ed for intraoperative palpation despite its being
a basic technique that all cardiovascular sur-
geons need to master. Another reason is that the
aorta palpation procedure is simple and is per-
formed with a simple push of a finger. Because
current force-feedback devices, such as SensAble
Technologies’ Phantom (http://www.sensable.
com), ably support the push operation, the only
additional requirement for creating a realistic
interaction environment is a valid physics-based
aorta model.

Background: Surgical training methods

Virtual reality (VR)-based suzgical simulators!”
have emerged as possible practical environments
for residents to attempt repetitive training in sur-
gical procedures. Physics-based models have been
developed for simulating visual and haptic feed-
back of virtual organ manipulation.®!5 Recent
studies report that simulator-based training helps
improve the results of actual surgery.!61?

Some of these haptic simulators, targeted specif-
ically at palpation training, are designed to support
bioelasticity knowledge acquisition.*S In fact, we
too have developed palpation simulators,’” which
concentrate on modeling beating behavior and
organ-~organ interaction in human bodies. In gen-
eral, these simulators require more accurate haptic
displays than the training simulators used in tool
manipulation, such as suturing.231?

More work, however, remains to be done to
advance palpation simulators so they can be used
effectively in training. The main obstacle lies in
developing valid anatomical models because of
the difficulty in accurately specifying organs’
elasticity. Output from simulations varies accord-

Published by the IEEE Computer Society
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ing to physical parameters and the complexity of
the virtual organs that are being manipulated.
Techniques for modeling patient-specific elastic-
ity haven’t yet been established; consequently,
it’s difficult to create accurate models for diseased
organs. In addition, the effectiveness of training
using haptic simulators must be further evaluat-
ed so that researchers can understand and
improve simulator performance.

On the other hand, instruction by skilled
medical practitioners has traditionally played a
large role in the education of patient-specific elas-
ticity. In practical situations, experts sometimes
communicate irnages that are difficult for resi-
dents to conceptualize by referring to similar,
known elastic objects. This approach is an accept-
ed method of teaching, but verbal communica-
tion alone, without hands-on experience, isn’t
sufficient for effectively transferring knowledge
on tissue elasticity. Therefore, an optimized edu-
cation process requires a combined approach
using both simulation and skilled instruction. If
an expert’s knowledge on bioelasticity could be
efficiently transferred to trainees via a computer-
assisted environment, trainees would learn key
elasticity skills, including those needed for dis-
ease and rare-case scenarios.

Researchers have made some headway in
developing haptic communication between
experts and trainees. Haptic teaching systems
developed in other fields focus mainly on tool
manipulation'®!? and are used to teach trajecto-
1y and applied force, especially in the field of
handwriting. Satoshi Saga and colleagues'® have
proposed a haptic video system, which replays
the force history acquired from an expert’s
manipulation. These approaches support the
instruction of tool manipulation rather than pro-
vide a simulation environment where objects are
manipulated. In manipulating elastic objects,
such as during a surgical procedure, a surgeon
feels reaction force other than that resulting from
the tool’s position. Consequently, a surgeon’s

Elastic model
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education in physical behavior of elastic objects
must include both haptic interaction and physi-
cal modeling of the object under manipulation.

In our study, we aimed to establish a commu-
nication support environment for transferring
knowledge on bioelasticity using virtual anatom-
ical models. Figure 1 shows the basic concept. We
propose an interactive system that lets skilled
medical staff instruct residents or medical stu-
dents in organ bioelasticity by haptic interaction
with the models. In our deformable media
approach, virtual models are used to transfer elas-
tic information from experts to trainees. The elas-
tic information is stored quantitatively as part of
the model’s physical parameters. In a simple
process, experts set up the model according to
their experience, and trainees learn how to per-
ceive the elastic information by attempting sur-
gical procedures on the same model.

Supporting communication on
biocelasticity

Medical practitioners generally learn objects’
elasticity through attempting to recognize their
physical behavior by conducting haptic interac-
tion maneuvers, such as direct hand manipulation
or varying the manner of contact. Practitioners
also learn bioelasticity properties associated with
specific diseases by touching and manipulating
tumors in daily medical work.

Basic principles

To advance current training methods and
techniques, practitioners require a platform on
which medical procedures can be practiced. This
platform—haptic media—should serve to let
experts share their knowledge and trainees con-
duct self-study in the virtual space. Here, we out-
line the basic design, and the two primary tasks,
of our proposed environment:

1, Expert sets virtual model elasticity. Experts sim-
ulate medical procedures on the virtual

Figure 1. Basic concept.
Elastic models support
communication
between experts and
trainees as deformable
media. Experts transfer
their elasticity
knowledge onto the
models and trainees
study the elastic
behavior through
haptic interaction.
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