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Interactive Graphics for Plastic Surgery:

A Task-Level Analysis and Implementation
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ABSTRACT

We have implemented a system for Computer-Aided Plastic Sur-
gery. Planning plastic surgery procedures is complex because the
surgeon needs to stretch and reshape the patient’s skin to replace
missing tissue while minimizing distortion of the surrounding tis-
sue. Traditional planning techniques rely on the surgeon’s experi-
ence lo select among a myriad of possible procedure designs.
While mathematical techniques for predicting the outcome of sur-
gery have been proposed in the past, these are not in widespread
use by surgeons because they require the surgeon to perform man-
ual constructions and geometric calculations, Qur system makes
the analysis process easier by allowing the surgeon to draw the
surgical plan directly on a 3D model of the patient. An automatic
mesh generator is used to convert that drawing into a well-formu-
lated problem for finite element analysis.
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1. INTRODUCTION

This paper describes our experience designing a Computer-Aided
Plastic Surgery (CAPS) system. The system provides surgeons
with a computer graphics environment in which they can explore
the biomechanical implications of surgical alternatives. The CAPS
system uses a combination of interactive 3D computer graphics,
aulomatic mesh generation algorithms, physically-based modeling
using the Finile Element Method, and animated visualization of
the surgical result. We have implemented the system and have had
it evaluated by a number of practicing plastic surgeons with very
positive results.

Computerized planning represents an important development
for plastic surgeons because their current techniques do not allow
iterative problem solving, Today, a surgeon must observe and per-
form many operations to build up the experience about the effect
of changes in the surgical plan. Each of these operations is unique,
and it 1s difficult to isolate the effects of different surgical options
since the result is also influenced by many patient specific vari-
ibles. The CAPS system allows exploration of the various surgical
dtematives with the ability to modify the existing plan, or to create
anew plan from scratch. This process may be repeated as many
times as needed until the surgeon is satisfied with the plan.
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In our view, it is crucial that the user interface to the system not
burden the physician with the implementation details of the com-
putational model Specifically, the physician should not be required
to manipulate points and polygons, or nodal points and elements of
the finite element model. Our work follows a task-level analy-
s1s[33] of the goals of plastic surgery: in this system the surgeon
only deals directly with the problems associated with the task ---
identifying the clinical problem, selecting the surgical procedure to
apply, and specifying the execution of the procedure. All other
aspects of the analysis are carried out automatically. The interface
to the CAPS system is designed to simulate the process of drawing
on the patient’s skin with a marker, as is done when the surgery is
transferred to the patient in the operating room.

The remainder of this paper describes the techniques used in the
implementation of the CAPS system. This is molivated by a
review of related work and a brief discussion of the goals of plastic
surgery and the problems [aced by the clinician. The following
sections describe the simulation model, and the clinician’s inter-
face to the system. We then look in detail at the mesh generation
algorithms that convert the surgical plan into a well-formed prob-
lem for finite element analysis.

2. BACKGROUND

Previous work has concentrated on either building mathematical
models of the soft tissue mechanics in order to analyze specific test
cases, or on imaging systems that present renderings of volumetric
scans of the patient. Our work is an attempt to bring these two
components together with a powerful user interface. This results in
a system where the simulation procedures are attached to the
graphical model --- a combination which allows the surgeon to
operate on the graphical model in a manner directly analogous to
operaling on the real patient. This approach is crucial for the suc-
cessful chinical application of mechanical analysis of soft tissue
because without the assistance of a computer graphics tool the sur-
geon has neither the time nor the training to formulate a specific
surgical case at the level of detail required for analysis.

Mechanical Analysis of Plastic Surgery

Previous research in biomechanical analysis of plastic surgery has
not included methods for automatically converting a surgical plan
into a form appropriate for the analysis programs. For example, in
her work on analysis of plastic surgeries, Deng describes a system
in which the user is required to type an input file which describes
the incision geomelries, regions of tissue to simulate, and con-
straint conditions on the tissue in terms of their world space coor-
dinates[11]. Kawabata and his coworkers describe their techniques
for analysis of surgical procedures bul report no method for auto-
matically generating a mesh for a particular plan[16]. Larrabee dis-
cusses the problem of modeling arbitrary incision geometries
using graphical input devices, but the solution he proposes requires



the user to define each of the dozens of analysis nodes and cle-
ments[18]. While Larrabee’s approach is useful for small two-
dimensional analyses (which is the way Larrabee used it), the
approach becomes unmanageable for three-dimensional structures
with a greater number of nodes. The user interface and mesh gen-
eration techniques described in this paper begin to address these
three-dimensional problems.

Computer Graphics Models of Skin

Waters describes a system based on the for simulating the expres-
sive action of facial muscles through a combination of pre-defined
action units[30]. Waters and Terzopoulos subsequently extended
this technique to include physically-based dynamics of the skin in
response to the muscle action[31]. However, their system could
not be used directly for plastic surgery simulation because it does
not support cutting and suturing. In addition, their physical model
is based on the mass-and-spring lattice approach, which we feel is
more difficult to control and less accurate than the finite element
method.

Volumetric Approaches

Previous computer graphics work has emphasized special purpose
rendering algorithms for visualization of data obtained from volu-
metric scans of the patient[22;19;9], or geometric methods for
extracting and repositioning pieces of the volume data[7;28]. Our
approach differs since the CAPS system integrates a biomechani-
cal simulation with a graphic presentation.

Interactive Computer Graphics for Surgical Simulation

The terms surgical simulation[24] and Computer-Aided Sur-
gery[21;5] have both been used to refer to the combination of
physically based modeling of the human body and interactive
computer graphics applied to planning and analysis of surgical
procedures. In an example of this approach, Delp et al. have cre-
ated a system for simulating tendon transfer operations on the
lower extremity[10]. This system includes a geometric model of
the major bones of the hip and leg, a kinematic model of six joints,
and a mechanical model of 43 muscle-tenden actuator units. A 3D
graphics interface can be used to select and move tendon attach-
ment points. Thompson et al. have developed a similar system for
hand surgery[27]. Our work on the CAPS system is most similar in
spirit to, and was inspired by the work of these groups.

3. GOALS OF PLASTIC SURGERY
The goal of plastic surgery is to create a proper conlour by
making the best distribution of available materials. Opera-
tions take place on relatively limited surface areas and, in
local procedures, skin cover is not brought from distant
areas.* Rather, skin should be borrowed and redistributed
in the area where the operation is being carried out. In this
way, surgeons should be able to perform typical plastic
operations that will restore proper form to distorted sur-
faces. Different maneuvers are used in various combina-
tions as either simple or complex figures. The location,
form, and dimensions of the incisions necessary for plastic
redisiribution of tissues determine the plan of the opera-

tion.
A. A. Limberg, M.D.[20]

Applications of plastic surgery include repairing lesions caused
by disease, replacing skin lost to burns or amputations, rebuilding
features misshapen by injury or birth defects, and removing excess
tissue to reduce the visual effects of aging[13]. This is accom-
plished through the precise application of surgical techniques
including excision (removal) of tissue, direct closure of a wound
site, and a variety of flap transposition and rearrangement surger-

* In contrast to skin grafting opemtions.
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ies. Each of these results in a redistribution of the available tissue
and requires the application of plastic surgery principles to pro-
duce the optimum contour.

An example plastic surgery (simulated on the CAPS system) is
shown in figures 6 and 7. This procedure combines excision of 8
tumor with two flap transpositions. The flap transpositions have
the effect of using tissue from the area surrounding the excision to
relieve the stress caused by covering the wound. The resultanl
effects on the surrounding tissue contour can be seen. This
includes distortions, redistribution, and standing cones (dog ears)
at the point of rotation of the flaps. The CAPS system can be used
to compare various flap transposition and excision options, and
provides an environment that allows the surgeon o iteratively
approach the planning problem.

4, THE PATIENT MODEL
The model of the patient used in the CAPS system is a combina:
tion of patient specific geometric data and a generic mechanical
model of the soft tissue.

Sources of Patient Geometric Data

The patient specific geometry we have used to date is derived from
either a Cyberware surface scan of the patient[8] or from a CT
scan. The Cencit scanner system is also a promising technology for
use in this application[29]. The mesh generation algorithms make
use of a cylindrically-mapped range image of the type produced by
the Cyberware and Cencit scanners. In order to create a solid
model of the skin, our current system assumes a constant soft tis-
sue thickness when working with this type of data. Full volumetric
scans (CT or MR scans) of the patient provide enough information
{o create a solid model with the appropriate variation in soft tissue:
thickness. We have experimented with some techniques for build:
ing models directly from volumetric scans[23], however, we feel”
that the surface scanners will be more appropriate for use in plastic’
surgery because of the time, expense, and radiation hazards associ-
ated with volumetric scanners. In the future we will be working o’
techniques for creating a generic map of facial soft tissue thickness’
in order to generate more accurate solid models from surface scan.
data.

Model of Soft Tissue Biomechanics
The finite element method is a well established technique for bio-
mechanical analyses[12] and provides a basis for detailed model-
ing of skin nonlinearities[11]. Finite element methods can also be:
used to model the shape changes and force generating properties of
other parts of the body, such as the muscles[6]. Although we use
relatively simple linear solution technique in the CAPS system,

user interface and mesh generation techniques described below
can be used directly with a nonlinear finite element back end. The
finite element module of the CAPS system uses the displacement:
based formulation to solve the elasticity equilibrium equations:
The implementation closely follows the procedure described 1
Bathe[1]. Readers are referred to Bathe’s excellent text for further
details on the implementation of finite element codes.

Visualization of the Finite Element Model
The two compenents of the patient model, the scan of the patient
and the finite element mesh, exist different resolutions. A typicdl
Cyberware patient scan contains 512x256 range and color sam-
ples, while the finite element meshes we can easily simulate con-
tain only 50 elements, with each element covering approximatelyd
square inch of skin. In order to display the full resolution of the
original scan data both before and after the finite element solution
(corresponding to pre- and post-operative conditions), we use he
following texture and displacement mapping technique. First, we:
subdivide the outer face of each element into micropolygons (lhe:
outer face being the one which lies on the skin surface). The posi-
tion of each micropolygon vertex is transformed back into cy if-
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drical coordinate space, and the 0 and z coordinates are used lo
sample the Cyberware range and color data (a bilinear interpola-
tion is used to sample between pixels). The color value is stored as
the vertex color of the micropolygon vertex. The sampled range
point is transformed back into cartesian space and used as the posi-
tion of the micropolygon vertex. The user can select the number of
micropolygons created for each element and thus can visualize the
full resolution of the Cyberware data. We maintain a data structure
for each micropolygon verlex in which we store the vector from
the point on the surface of the element to the corresponding posi-
tion on the range data.

This vector is then used to display the full resolution post-oper-
glive model. The output of the finite element solution is a set of
displacements for each nodal point in the finite element mesh.
These nodal displacements are interpolated through the element to
define a displacement vector at each point in the element. Thus, for
each micropolygon verlex, there is a displacement vector. By add-
ing the finite clement displacement vector to the range data dis-
placement vector, we can generate post-operative images using the
foll resolution of the original scan. Images generated using this
method are shown in figure 7.

5. SPECIFYING THE PLAN

The heart of the interactive system is the user interface which
allows the surgeon to input the parameters of the surgical proce-
dure. For this task, we selected an interface based on a combina-
tion of 2D and 3D computer graphics techniques using the X
Window System with the Motif toolkit, and on a set of 3D interac-
tion tools built on top of the Starbase graphics library from
Hewlett Packard. The CAPS system is built on top of the bolio
simulation system[32]. The clinician is presented with an X Win-
dow System screen containing a menu bar and buttons, and a 3D
graphics window showing a rendered image of the geometric
model of the patient. The user controls the 3D view of the patient
model and modifies other rendering parameters using the mouse.
The user interface also allows the surgeon to switch between the
pre- and post-operative patienl geometry, or to animate the transi-
tion between them.

Mouse actions are used to select points on the rendered image
of the patient. These points are used to define the incision lines on
the skin surface and the tissue to be excised. The sysiem converts
this into a data structure for subsequent use by the mesh generator.

Operating on the Surface

Planning the operation on the skin surface requires a technique for
mapping selections on the screen window back onto the surface of
the object, i.e., a mouse click on the window should pick a point on
the patient model which appears directly beneath the mouse loca-
tion. For use in their 3D object painting system, Hanrahan and
Haeberli describe a technique for hardware-assisted calculation of
this location that makes use of an object ID buffer[ 15].

Since our graphics hardware did not suppert this feature, we
implemented this operation with ray tracing as follows. A ray is
cast from the view point to the selected point on the view plane
and is intersected with a polyhedral reconstruction of the scan data.

Figure 1. This figure shows the node
numbering and pattem for an ellipti-

cal excision, both before and after
wound closure. The surgeon origi-
nally enters the points 0, 1,2, and 3.

The system then adds points 4 and 5,
initially coincident with 2 and 3. The
surgeon then moves points 4 and 5

to enclose the excision region.
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The polyhedron is created by making vertices at the scan data sam-
ple points (transformed from source data space to world coordi-
nates) and connecting each set of four adjacent vertices with a
polygon. This operation requires checking the ray against each of
the polygons in the polyhedral reconstruction. To reduce the num-
ber of polygons, a filtered version of the source data is used. The
operation could be made more efficient with octree sorting of the
polygons or other ray tracing optimizations. It turned out that we
did not need to explore this since the point is picked on a 2D
image, and feedback can be given instantly when the button is
pressed; the system can then be calculating the 3D intersection in
the background while the user is selecting the next point.

After a set of points on the surface is created, it is useful to be
able 1o pick a point by clicking the mouse on that point. Again, we
chose a ray tracing approach Lo select the nearest point to the ray
from the view point through the picked point on the view plane.

Defining a Hole: Incision

An incision through the skin is topologically a hole, but geometri-
cally it is infinitesimally thin until it is deformed by the mechanical
simulation. Rather than requiring the user to draw a hole by enter-
ing the points on both sides of the incision, the incision is entered
by picking a sequence of points corresponding to the cutting path
of the scalpel. This list of points is then converted into a loop of
points describing the hole. Figure 2 illustrates this mapping. The
points are entered by selecting locations on the skin surface using
the screen space to skin surface transformation described in the
previous section. The incision line can be modified by picking one
of the points and moving it.

cutpath: 0123

hole boundary: 012345
2 3

Figure 2. This figure shows the relationship between the cutting
path entered by the surgeon and the boundary of the incision
hole. The surgeon selects the points 0, 1, 2, and 3 to define a
simple Z-plasty incision. The system adds points 4 and 5 coinci-
dent with points 2 and 1. The boundary of the hole is then stored
as the ordered list ©, 1, 2, 3, 4, 5. Note that no tissue was
removed in the incision shown. Tissue could be removed by
interactively picking and moving the points 1, 2,4, or 5 in order
to enclose the tissue lo remove within the hole boundary.

Modifying the Hole: Excision

An excision of tissue is defined by picking one of the points in the
hole border and offsetting it from its corresponding point on the
other side of the hole, with the result that the hole is no longer
infinitesimally thin. Moving one border peint creates a quadrilat-
eral, while moving more than one creates an arbitrary polygonal
shape. A simple point picking algorithm cannot be used for this
picking operation because the two points on either side of the hole
are coincident. A modified algorithm could be devised to distin-
guish between coincident points by determining on which side of

5 4
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the incision line the user picks. In ocur current prototype a menu
selection is used to indicate the point to be moved.

Closing the Hole: Suturing

Suturing refers to the sewing together of edges of the incision. In
the finite element simulation, this is accomplished by suture con-
straint equations for the individual nodes in the continuum mesh.
Even for a simple wound closure, dozens of pairs of nodes must
constrained together in order to suture the entire wound. Selecting
each pair of nodes by hand would be unnecessarily tedious.
Instead, the continuum mesh generator automatically creates a list
of nodes to be sutured from a description of which edges of the
hole border are to be brought together. Figure 1 shows the pre- and
post-operative topology desired for a simple excision, For this con-
figuration, the edge sutures are specified as ((0,1), (0,5)), ((1,2),
(5.4)), and ((2,3), (4,3)). When the same point is included in both
of the edges to be sutured, the mesh generator recognizes this as a
corner being closed and does not define any sutures for the nodes
corresponding to that point. The suture edges for the Z-plasty
shown in figure 2 are ((5, 0), (5, 4)), ((2, 1), (2, 3)), and ((0, 1), (3,
4)). In the CAPS system, the suture edges arc specified by select-
ing a menu item corresponding to the type of surgical procedure
being performed (e.g. elliptical excision or Z-plasty). This tech-
nique works because the suture relationships depend only on the
pre-defined topology of the procedure and not the interactively
specified geometry. The menu item approach has the advantage
that the suture conditions do not need to be re-entered for each
simulation of the same surgical procedure.

The drawback of this menu-based approach is that in order to
simulate a new procedure, the suture relationships described above
must be worked out by hand and added to the user interface config-
uration file. While this is not a very difficult task, a more flexible
solution would be to allow the user to define the suture relation-
ships by selecting pairs of wound edges. The system could differ-
entiale between coincident edges by determining which side of the
incision line the user picked. Picking edges in the proper sequence
would then define the suture relationships for the surgical proce-
dure. These suture relationships could then be added to the menu
for use in future analyses.

6. MESH GENERATION

The surgical plan is entered in the CAPS system using a graphical
interface which corresponds to the way the surgeon draws on the
patient’s skin in the operating room. An important part of this
interface is the mesh generator, which creates a well-formed finite
element mesh directly from the surgical plan and the original scan
of the patient geometry.

The mesh generation algorithm consists of two major steps: sur-
face meshing and continuum meshing. The surface meshing por-
tion of the algorithm grows a mesh out from the incision hole
border along the skin surface. Surface meshing is performed in a
normalized cylindrical space ignoring the r (radial) coordinate.
After the surface mesh is generated, the mesh is snapped back to
the skin surface by looking up the r coordinate in the Cyberware
range data.

The continuum meshing portion of the algorithm refers to the
process of creating a continuum finite element mesh representing
the skin thickness, This is accomplished by growing the surface
mesh radially in from the skin surface to the bone surface along the
r axis. Triangles are extruded into wedge elements and quadrilater-
als are extruded into cuboid elements. Edges shared by polygons in
the surface mesh are extruded into shared faces in the continuum
mesh. Each vertex in the surface mesh defines a set of nodes in the
continnum mesh which lie along the line from that verlex o the
central axis of the cylindrical space of the patient scan data. Note
that this extrusion process assumes that the incision cuts into the
skin along the r axis.
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Figure 3. A surface mesh generated from a Z-plasty incision. The original inci-
sion lines are indicated in bold. The first stage of the surface meshing algorithm
traverses the border of the incision hole and identifies the two concave regions
which become surface mesh polygons 1 and 2. The second stage of the algorithm
adds polygons 3,4, 5,6, 7, and 8. Polygons 5 and 8 result from vertices that were
“expanded” because they meet at too sharp an angle.

Figure 4 shows a cross section of the nodes and elements cre.
ated by the continuum mesh algorithm, Heavy lines are edges from
the surface mesh, and filled circles are nodes from the surface
mesh.

A suture condition specified between two edges on the incision
boundary is converted into suture constraints between each pair of
nodes generated from those edges. Nodes on the bottom layer of
the continuum mesh which do not have suture constraints are
marked as fixed in all three degrees of freedom. All other nodes in
the continuum mesh are unconstrained.

Surface Meshing Algorithm

The surface meshing approach used in the CAPS system is based
on the automatic mesh generation work of Chae and Bathe[3:4].
Their algorithm, which addresses the problem of automatic mesh-
ing of CAD parts such as a plate with holes drilled in it, works by
creating layers of elements along the borders of the object and
working inward until the rows meet. We have modified this
approach to work outward from the incision boundary hole and
have made the algorithm create quadrilateral clements wherever
possible.

Our algorithm consists of two stages: 1) Traverse the border of
incision looking for angles larger than a set threshold f;, convert
them to triangles in the surface mesh and update the border. This
process continues until no more angles need to be filled. 2) Go
around the border adding a layer of quadrilaterals of thickness /;:
quadrilateral is added for each edge in the border, and an exira
quadrilateral is added at edges which join at an angle less thana
specified threshold #,.

Stage 1 is implemented as follows. For each vertex v; in the bor-
der list, examine the angle between the edges (v, viyp) and (viyp,
vi2)* If this angle is greater than 17, add triangle (v;,2, Viyp, v) 10
the surface mesh (30° is the default 1; threshold angle in the proto-
type) and delete vertex v;,; from the border list. Continue this pro-
cess until no more (riangles are added in a complete traversal of



the border list. After stage 1, the region defined by the border list
will be nearly convex (no concavities will be greater than 1),

Stage 2 has two substages: creating the new border list and join-
ing the new and old border lists with quadrilaterals. The first sub-
stage proceeds as follows. Create an empty list to store the new
border. For each vertex v; in the current border list, let n; be the
outward normal from edge (v;;, v;) and n, be the outward normal
fom edge (v;, v;,7)- Examine the angle between the edges Vipa )
and (i, v;, ;). If the angle is greater than ¢, then add a vertex to the
sew border with vertex position of v; + I; (rny + np). If the angle is
less than £, then mark v; as expanded, and add three vertices to the
1ew border with vertex positions of v; + {; nj, v; + I (n; + 1), and
'In"l' + II nz.

The second substage of stage 2 is to connect new and old border
lists with quadrilaterals as follows. Let j index the new border list
and i index current border list; initialize i and j to zero. For each
vertex v;, if v; is marked as expanded, add quadrilateral (vi, v Vjyps
%i,2), increment j by two. Add quadrilateral (Vi Vjp Vjapr Vist>

crement £ and j by one. Make the new border the current border.
The entire stage 2 process is repeated once for each layer to be
added to the surface mesh. Figure 3 shows the surface mesh gener-
ated for a Z-plasty incision.

Continuum Meshing Algorithm

Generation of the continuum mesh from the surface mesh is
accomplished by extruding the surface mesh inward along the r
axis to form solid elements and then making a mapping from verti-
ces and polygons in the surface mesh to nodes and elements in the
continuum mesh. First we look at the numbering of nodes in the
standard isoparametric element, then we look at the numbering of
the vertices and edges in the surface mesh, and then at the corre-
spondence between these numbering schemes. The continuum
meshing algorithm converts the surface mesh into an arbitrary
mmber of layers of elements, each layer being of an arbitrary
thickness.

Figure 5 shows the standard finite element used in the CAPS
system. The algorithm must generate elements with the proper
node ordering. Nodes 0-3 called the top_nodes, are the corners of
faice 0; nodes 4-7, called the bottom_nodes, are the corners of face
I; nodes 8-11, called the top_mid_nodes are the nodes in the mid-
des of the edges on the top face; nodes 12-15, called the
bottom_mid_nodes are the nodes in the middle of the edges on the
hottom face; nodes 16-19, called the center_nodes are the nodes in
fhe center of the edges joining face O to face 1.

In the surface mesh we have a set of vertex points connected by
a set of polygons. Each polygon has a list of the vertices which
defines its shape. An edge of the polygon is defined by cach pair of
vertices in the list and by the last and first vertices in the lisL. A
data structure is maintained for each layer of elements which keeps
rack of the numbering of nodes in the layer. As each node is cre-
ated, its position is calculated and its index in the list of nodes for
the structure is recorded in the layer data structure.

For the top layer of elements, the top_nodes are positioned at
the points of the surface mesh vertices, The positions of the
top_mid_nodes of the top face are calculated by taking the mid-
points of each polygon edge and offsetting those points to lie on
the skin surface. The positions of the bottom_nodes are calculated
by offsetting the positions of the top_nodes in r by the thickness of
the layer. The positions of the bottom_mid_nodes are calculated by
offsetting the positions of the top_mid_nodes by the thickness of
the layer. The positions of the center_nodes are calculated by off-
setting the positions of the top_nodes by one half the layer thick-
ness. For continuum meshes with more than one layer of elements

« Accesses to vertices in the node list wrap around if the i+n is greater
than the length of the list. Similarly, negative indices wrap back to the
end of the list.

@  Surface mesh vertex
O Continuum mesh node

§>0 Constrained node

Figure 4. Two elements from a continuum mesh. this shows the relationship
between the surface mesh polygons (corresponding to the top faces shown in
bold) and the continuum clements. The continuum mesh algorithm generates
clements extruded along the r (into the skin) following the topology defined
by the surface mesh. The bottom layer of nodes are constrained to remain
fixed to represent the bony support. The figure shows a single layer of 20
node elements.
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Figure 5. Node numbering for the standard 20 node isoparametric element
used in the CAPS systemn.

in the r direction, subsequent layers of elements are generated in
an analogous manner with the exception that rather than creating
new nodes for the top_nodes and the top_mid_nodes, the indices
of the previous layer's bottom_nodes and bottom_mid_nodes are
copied instead.

Onece all the nodes have been created, the elements must be cre-
ated. One clement per layer is created for each polygon in the sur-




face mesh. These elements must contain a correctly ordered list of
the node indices. This list of indices for the top_nodes is obtained
by looping through the vertices of the polygon and looking up the
node indices from the data structure of the layer corresponding to
the top the element. The indices for the bottom_nodes and the
center_nodes are obtained in the same manner, but using the
appropriate node indices from the layer data structure. The list of
indices for the top_mid_nodes and the bottom_mid_nodes are
found by looping over the edge list for each polygon and finding
that edge's index in the list of edges for the surface mesh; that
index is then used to find the appropriate node index by locking up
the node in the appropriate layer data structure.

Triangles in the surface mesh are handled as a special case by
creating wedge shaped elements. This can be accomplished by col-
lapsing one of the side faces of the isoparametric element. In this
case, only 15 nodes are created for the element, and a shared node
index is used for nodes 2, 10, and 3, for nodes 18 and 19, and for
nodes 6, 14, and 7.

7. RESULTS

To date the system has been used in two ways. We have been able
to use the system to simulate a number of plastic surgeries of the
face and have obtained good visual match between the simulation

results and post-operative photos of actual patients. In addition, we
have shown the system to over a dozen practicing plastic surgeons
and have obtained very positive feedback. Surgeons have noted,
for example, that this system is completely different than any cur-
rent form of surgery planning because it contains an actual model
of the elasticity of the skin. This critical feature is missing from
most current planning techniques such as drawings or paper mod-
cls. The other planning techniques which do have some model of
skin elasticity (namely cadavers or animal models) do not allow
easy iterative design of the procedure.

8. Future Work

Physical modeling of human soft tissue presents many challenges
which can only be addressed by making simplifying assumptions
about the behavior of the tissue. The complexity of the tissue
includes the fact that it is alive, that it has a complex structure of
component materials, and that its mechanical behavior is nonlin-
ear[17:23]. The design of the CAPS system, we have attempted lo
model those features of the tissue which have direct bearing on the
outcome of plastic surgery, but in doing so it ignores the following
effects: the physiological processes of healing, growth, and aging
are not included in the model; the multiple layers of material
which make up the skin are idealized as a single elastic continuum;

“»scalpel
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Figure 6. A sereen image of the CAPS system in operation showing the patient model and the interactively defined surgical plan.
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and the system uses only a linear mode] of the mechanical behav-
ior of the tissue and does not include a model of the pre-stress in
the tissue (i.e., the skin does not open up when cut). Under these
assumptions, the model gives an estimate of the instantaneous state
of the tissue after the procedure has been performed.

These assumptions could be relaxed to build a more complete
mode] of tissue behavior. The complex structure of the tissue could
be addressed by creating a more detailed finite element mesh with
multiple layers of differing material properties. The nonlinear
mechanical response of the tissue could be better approximated
using a nonlinear finite element solution technique. Both of these
improvements will make the solution process more computation-
ally complex, but will become more feasible as computers become
faster. We plan to perform a series of clinical trials to identify the
parameters which have the most influence in the surgical result and
lo obtain accurate estimates of the elastic and viscous moduli of
the soft tissue,

The incorporation of physiological processes presents a more
fundamental problem, since the processes themselves are not well
understood. In this realm, the physical modeling approach offers a
possible method for determining the action of these processes. For
example, if the physical model is calibrated such that it gives a
nearly exact prediction of the immediate post-operative state of the

tissue, then subsequent changes in the patient’s skin due to healing
could be determined by changing the material property assump-
tions of the model until it again matches the skin. It is possible that.
this analysis would lead to a method of predicting the effect of
healing which could then be included in the planning system.

The field of plastic surgery simulation is still very new and
there are many promising directions for future work. For example,
more work is needed to improve modeling of the soft tissue to
more accurately model its nonlinear mechanical response and its
long term physiological changes. In the future, we would also like
to sce improved user interface techniques lo give the surgeon more
control over the direction and depth of the incisions. The current
incision technique is adequate for planning surface incisions, but
cannot be used for internal surgery.

9. CONCLUSIONS

Simulation of plastic surgery presents many challenging problems
which can be addressed by interactive 3D graphics techniques.
Each patient presents the surgeon with a unique set of problems for
which there are many possible courses of action. The surgeon’s
goal is to optimize the rearrangement of tissue, to correct the tissue
deficiency, and to minimize distortion of the surrounding tissue.
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Figure 7. A screen image of the CAPS system in operation showing the simulated results of the operation.
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The surgical plan must take into account the complex geomelry
and mechanical behavior of the soft tissue.

In this paper we have shown how a task level analysis of the
plastic surgery planning problem has guided our development and
implementation of a computer-aided plastic surgery system. The
user interface techniques and mesh generation algorithms we have
presented directly address the requirements of the task without
burdening the surgeon with the implementation details of the finite
element model. Our approach has been well received by clinicians,
who report that they would be comfortable using this system to
plan operations. However, before we take that step, we will be put-
ting the software through a series of clinical trials to validate the
simulation results through retrospective analysis of case histories.
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