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New Techniques for Optimal Treatment Planning
for LINAC-based Stereotactic Radiosurgery

Tae-suk Suh, Ph.D.

Department of Radiology, Catholic University Medical College, Seoul, Korea

Since LINAC-based stereotactic radiosurgery uses multiple noncopianar arcs, three-
dimensional dose evaluation and many beam parameters, a lengthy computation time is required
to optimize even the simplest case by a trial and error. The basic approach presented in this paper
is to show promising methods using an experimental optimization and an analytic optimization.
The purpose of this paper is not to describe the detailed methods, but introduce briefly, proceed-
ing research done currently or in near future. A more detailed description will be shown in ongoing

published papers.

Experimental optimization is based on two approaches. One is shaping the target volumes
through the use of multiple isocenters determined from dose experience and testing. The other
method is conformal therapy using a beam’s eye view technique and field shaping. The analytic
approach is to adapt computer-aided design optimization in finding optimum irradiation parame-

ters automatically.
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INTRODUCTION

The main goal in radiosurgery is to deliver a
level of radiation dose to the target volume suffi-
cient to eradicate the tumor while at the same time
minimizing the complications induced by unneces-
sary radiation throughout the irradiated volumes
and particularly to critical normal structures. Ster-
eotactic radiosurgery requeires the optimization of
dose distribution since high dose is focussed on or
near the target. The concept and mechanical
design of stereotactic radiosurgery using LINAC
were described in many literatures®®.

The design of an optimal radiosurgery planning
system which uses 3-D patient data and treatment
parameters represents a significant challenge. This
is in part due to the lengthy calculation time for 3-D
information of dose distribution about target vol-
umes and anatomic structures, and also by the
many irradiation paramenters involved in treatment
planning. It requires not only a fast 3-D dose calcu-
lation algorithm, but also a way of quickly evalua-
ting the relative merits of various plans. Recently,
many techniques have been developed and
proposed 1o optimize dose distributions in
radiosurgery’=9,

in comparing optimum variables, multipie
isocenter positions ad collimator size and shape

are most useful for changing the shape and margin
of the high isodose surface, which makes it pos-
sible to shape the field to the target by varying
these paramenters. Since arc variables such as
length, direction, and weighting do not change
much about a high isodose shape within a
restricted range of arc variables with fixed
isocenter positions and collimator sizes, it is pos-
sible to change the low isodose shape encomass-
ing critical organs while maintaining the shape of
the target dose.

The current technique utilizes treating multiple
isocenters or weighting various beams or arcs to
change treatment volume shape. However, most of
methods are based on trial and error type of optim-
ization using interactive modification of treatment
using experimental test or graphic displays.
Another possible solution for 3-D treatment plan
optimization is to utilize analytical optimization
techniques with proper objective functions to rep-
resent the physical optimization criteria.

MATERIALS AND METHODS

1. Multiple Isocenter Approach

In this section, a brief description of a muitiple
isocenter approach is given, and a sueful rule for
optimum isocenter separation and collimator size
was developed to shape the target margin uniform-
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ly with an 80% isodose surface for an elongated
target.

The method is based on the relationship
between an isodose shape and optimum variables.
The current technique utilizes a single isocenter
approach with multiple noncoplanar arcs. This
approach resuits in spherical dose distributions in
the target and dose fall-offs outside the target,
which depend on the arrangement of the arc sys-
tem. The method presented here is to use multiple
isocenters with standard arcs to shape target vol-
umes through the use of multiple spherical targets.

The test is based on the use of two or three
isocenters in parallel for 1-D shape of an elongated
target. Dose distributions were inspected for differ-
ent isocenter separations and collimator sizes.
Four standard arcs (three 100° and one 180°) with
equal arc spacing (45°, 270°, 315°, and 0° turntable
angle) were used for each isocenter. After check-
ing the dose shape, including field uniforimity and
dose falloff, the useful combinations of isocenter
separations and collimator sizes were considered.
A more detailed description is shown in Suh et.,
al'®,

2. Confomation Therapy

In designing radiation treatment plans, the
objective is to conform and confine the high dose
regions to the shape of the target as closely as
possible. It is necessary to shape the aperture of
the beam and compensate for surface irregular-
ities, internal inhomogeneities, and target shape to
achieve desirable dose distibutions. Since
radiosurgery uses a small beam to treat homoge-
neous brain tissues, the compensation problem is
not important. Our concern in this section is field
shaping using the beam’s eye view projection tech-
nigue and adjusting of the collimator (rotation and
size). Instead of using irregular field shapes such as
multileaf collimators, the variation of a rectangular
field, which seems to be more practical in radiosur-
gery, is considered in this section.

_For practival 3-D treatment planning, one of the
most important perspectives to be used is the
Beam's Eye View (BEV), since it displays the rela-
tionship of the target volume to the proposed
radiation beams. Beam’s eye view is a display of
relevant anatomical, dosimetric and beam data
from the perspective of the radiation source, look-
ing down the radiation beam. Discussion of the
beam'’s eye view concept and it’'s implementation at
other sites can be found in the literature!*~'®. The
patient structures which have been defined can be

made into wire frame'® or shaded 3-D views'”. In
this work, BEV is accomplished by displaying a
wire-frame diagram of contours outlinig the
patients’s anatomic structures in three dimensions
as if being viewed from the source of radiation
along the central axis of the beam.

In order to display the defined anatomy in beam’
s eye view, transformation was performed from the
anatomical coordinate systems (i.e. reference
frame) into beam coordinates (i.e. Collimator sys-
tem). Next, beam. coordinates were transformed
into screen coordinates. The first is called viewing
transformation, and second, perspective transfor-
mation.

3. Analytical Optimization

The puropse of this approach is to find optimum
parameters automatically by using mathematical
programming to minimize irradiation outside the
target area while maintaining the target dose.

A computer-aided design (CAD) optimization is
any use of an algorithmic approach to optimizing a
dose distribution using a quantitative evaluation of
the optimality of a treatment plan. In this category
of optimization methods, one expresses the optim-
ization criteria as some mathematical function of
the relationship of the calculated dose distribution
to the optimization criteria is known as the objec-
tive function.

The optimization criteria for the objective func-
tion in radiosurgery can be either to minimize the
dose to critical organs or to maximize the dose
gradient between the target boundaries and the
normal structures near the target. In addition, the
target shape dose must be guaranteed by con-
straint conditions on the target. The side con-
straints that require a reasonable range of variables
(upper or lower limits) should also be considered.

The method to find optimum parameters is
based on three steps. the first step is to find the
isocenter position and collimator size with which
the high dose region shapes well the target while
minimizing the dose to the normal structure around
target volume, or maximizing dose grdient between
target boundary and normal structure. The second
step is to find optimum arc parameters with which
dose to critical organs or normal structures can be
further minimized by varying arc spacing or arc
weighting while maintaining target dose. The third
step is to adjust optimum parameters obtained
from the previous two steps by examining the dose
distribution using exact dose model.



RESULTS

We discussed two main approaches and
methods brifly to optimize dose distribution for
stereotactic radiosurgery. The implementation of
computer-aided design optimization with experi-
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mental optimization and it's application is discus-
sed to illustrate the method and the results.

1. Multiple Isocenters

The guidelines in Fig. 6 in Suh et al.'” is useful in
determining the optimum isocenter position and
collimator size for elongated target shapes, and
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Fig. 1. Isodose curves on the three orthogonal planes (axial, sagittal, coronal) through the trarget point due
to (a) conformal therapy using beam’s eye view form two arcs and (b) multiple isocenter technique
using twp standard-four arcs sysyem. Both 80% isodose surfaces covered the same margine of the
elongated solid rectangular targets. The isodose lines displayed are from 10 to 90 in icrement 10 and

normalized by the maximum.
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much more benefit is obtained from the multiple
isocenter approach rather than the single isocenter
approach to fit the elongated target shape (e.g.
within an 80% isodose surface, compare Fig. 9a, b
with ¢,d in Suh et al. 19},

2. Conformation Therapy

In our implementation of the beam’s eye view,
the isocenter is assumed to be the view point. A
more advanced display method could also be used
with the beam visualization algorithm?!®.

However, the use of that algoritnm is more
complicated and is not necessary for our study
purpose. Using wire frame model, the program was
written in BASIC language to display the beam’s
eye view for any structure.

The basic idea of BEV is to determine the opti-
mum directions and field sizes of oblique nonco-
planar beams so as to maximize the coverage of
the target region while minimizing the inclusion of
healthy critical organs in the high dose region. The
best arc direction in radiosurgery can be deter-
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mined among the possible directions by observing
the dose distribution through the entire volume in
the patient. Another way to determine the arc
position is to utilize dose volume histograms*® or a
volume matrix?® through the information obtained
from beam’s eye view. A dose volume histogram,
though less graphic than the isodose plots, can
provide a complete summary of the entire 3-D dose
matrix relative to the irradiated and unirradiated
volume of the patient. This is especially helpful
when evaluating how much of a normal organ is
réceiving an amount of dose. It is invaluable when
several plans have to be evaluated and compared.
Once directions of incidence of the radiation
beams have been selected, the collimator opening
is adjusted to the smallest size that covers the
target volume. The outline of the aperture should
conform to the shape of the target visible from the
direction of incidence and provide adequate mar-
gins.

in practical cases, it is convenient to automati-
cally specify the shape of the aperture enclosing
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Fig. 2. Isodose distributions on the plane along two isocenters (a, c) and on the vertical plane (b, d) from
a exact 3-d dose model with-the optimum isocenter positions and collimator sizes searced by the
rule-based search algorithms. The 70% isodose surfaces cover both elongated cylindrical (a, b) and
cone (c, d) shape target. The isodose lines displayed are from 90 to 10 and normalized by maximum.



the target region. This is especially important for
moving beam treatments using multi-leaf colliators.
In this study, a rectangular collimator is used to fit
the target margin instead of multi-leaf collimator,
since the use of the rectangular collimator is easy,
less time consuming, provides a simpler dose
model, and quite accurate for a small target.
Figure 1 compares the treatment of a rectangu-
lar solid target with either two spherical isocenters
or conformal therapy. Using only two arcs, the
conformal dosimetry provides better dose gradient
and superior dose homogeneity within the target®".

3. Analytical Optimization

In the present work, the objective function is
slected to minimize the weighted dose to the criti-
cal organs defined at different positions, or to
maximize the dose gradient between target bound-
ary and normal structure around target. We can
now write our nonlinear constrained optimization
problem mathematically.

The values obtained from the computer algor-
ithm represent useful resuits. The initial variables
were unreasonably assigned to undercover the
target volume from the desired isodose surface (e.
g. 50 to 70%). The final optimum isocenter
positions and collimator sizes were searched to
sufficiently cover the target volume within the desir-
ed isodose surface while maximizing the dose
gradient between target region and surrounding
normal structures. The number of iterations depend
on the accuracy desired at the cost of time con-
sumed.

Figure 2 show montages of spatial contours of
dose distribution on the plane along two isocenters
and on the vertical plane for cylindrical or cone
shape target from a exact 3-D dose calcutation and
the optimum isocenters and collimator sizes sear-
ched by the rule-based search algorithm
developed?®"??,

DISCUSSION

We discussed two approaches to optimize dose
distribution for arc-based radiosurgery. The experi-
mental approach with multiple isocenters is a suit-
able treatment technique for elongated target
shapes. Potential studies for shaping 2-D (thin
plate) or 3-D (arbitrary) targets are expected in the
future. However, the use of too many isocenters
may not be desirable to shape the complicated
target exactly, since it gives little benefit with much
increased effort. A conformal therapy using beam’
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_s eye view might be a better approach to shape the

more complicated targets with an computer-aided
design optimization in a future study.

We may consider the possibility of using
computer-aided dsign optimization to find all the
optimum parameters using rule-based or step
search method. However, the use of too many
variables is not efficient and may be ill-conditioned
with the CAD optimization technique. The most
important and difficult problem is how to find
efficient optimization criteria and that of specifying
the optimization criteria in the form of simple
mathematical formalisms. It may be desirable to
develop a few stadard plans to use as starting
points and then search for an optimal result by
varying some paramenters using multiple steps.
The CAD optimizsation technique should be initiat-
ed on an expert system that will interface between
the treatment planner and the three-dimensional
treatment planning system

Our two approaches are based on physical
optimization criteria other than complicated bio-
logic optimization criteria. The statistical approach
to optimization including the dose-response
model, tumor control probabilities, and normal
tissue complication probabilities may be appropri-
ately applied to radioasurgery optimization if all
major factors or statistical information can be
accounted for. At the simplest level, the physical
optimization criteria might be good to implement
CAD optimization technigues, and could be used
until all the biologic information are obtained. The
slection coriteria and the cost of the function evalu-
ation for the objective function and constraints are
very important to the success of the computer
analytic optimization.
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