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Brachytherapy Object-oriented
Treatment Planning Based on
Three-dimensional Image Guidance'

The introduction of radionuclides
adjacent to or within regions of tu-
mor in the human body has a long
history (1,2). The first such use was
reported in 1904. Understanding of
the basic biology and the clinical
rationale for radium use was the
goal of the Paris school (2) just af-
ter World War 1. Radiation dose
prescription was further refined in
Manchester, England, in the 1930s
(3).

Because the dose and dose rates
to some parts of the suspected tu-
mor tissues are high, opportunities
for both cure and complications
are present in brachytherapy. To
define treatments that reach toler-
ance in normal tissues, guidelines
for critical doses to geometrically
defined points were developed
(3,4). These dose points were de-
fined with [ixed rules with regard to
the assembly of three-dimensional
(3D) information from orthogonal
images. On the basis of this geo-
metric information and with the ad-
vent of computer planning, the
dose distribution is now typically
determined in three orthogonal
planes to evaluate a brachytherapy
implant. Nevertheless, the basic
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strategy for implantation in a pa-
tient has been relatively fixed for
many years and is highly depen-
dent on a few point doses (1,2).
Three-dimensional imaging (5) of
patient anatomy by means of com-
puted tomography (CT), magnetic
resonance (MR) imaging, or ultra-
sound (US) can now provide far
more detailed views of brachy-
therapy implants, CT is a readily
available 3D imaging modality (5).
It provides superior geometric ac-
curacy and excellent visualizalion
of normal anatomy. MR imaging has
the advantage of providing im-
proved tumor visualization (5).
These modalities can be used after
the surgical procedure to insert ap-
plicators into the body. The plan-
ning then concerns the radioactive
source loading of the applicator,
needles, et cetera, and/or the ac-
ceplance of the implant. US has the
advantage of providing real-time
guidance, which is necessary when
placing permanent implants (6). In
other words, the step-by-step intro-
duction and acceptance of possible
source locations may be achieved
in the surgical suite with US.
Recently, improvements in com-
puter hardware and software have
facilitated 3D visualization of
brachytherapy implants (7). The
new imaging advances (relative to
plain radiography) now offer the
opportunity for improved 3D evalu-
ation of the dose to the tumor and

to normal tissues. Nevertheless,
brachytherapy procedures require
real-time decisions about the radio-
isotope distribution pattern and
other issues. It is possible to orga-
nize the 3D data that arise from the
imaging information and the phys-
ics of the radioisotopes into 3D ob-
jects that may be analyzed in a uni-
form manner. In this chapter, | shall
describe the methods used in and
present examples of brachytherapy
object-oriented treatment planning
based on 3D image guidance,

METHODS

In this chapter, CT information is
used to illustrate the applications.
However, the methods presented
may be used for any of the imaging
modalities that are available.
Throughout this chapter, “contour-
ing an object” in a particular CT
section refers to the point-by-point
outlining of the boundary of the oh-
ject in that section. )

i Objects

All entities in the procedure are
classified as objects and, once con-
structed, are treated geometrically
on an equal footing. One can divide
the objects into the following three
classes: image-hased target objects,
source-holding structure objects,
and dose structure objects.

Image-based target objects,.—
These objects are defined in terms
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of their delineation (contouring) on
serial sections of the CT data set. A
method for constructing a 3D ob-
ject has been presented by Chris-
tiansen and Sederberg (8). These
objects include targets to hit (eg,
tumor volume, cervix and uterus in
carcinoma of the uterine cervix,
vaginal wall and vaginal wall plus 5
mm in carcinoma of the vagina,
prostate gland in prostate cancer)
and targets to miss (eg, rectum,
bladder).

Source-holding structure objects.—
Radioisolopes are ordinarily depos-
ited into structures that either con-
tain them throughout the duration
of the implant or guide their depo-
sition. These objects have a known
construction and are sometimes
flexible and sometimes of a fixed
shape. These objects are defined
by their appearance in the imaging
data set, their dimensions, or both,
Knowledge of the actual shape (di-
mensions) of the source holders
can (a) help in correction for dis-
tortions in the data set due to pa-
tient motion and (b) provide pre-
cise information on variations in
the source material and internal
structure orientations.

Dose structure objects.—A matrix
of dose or dose rates calculated
throughout the geometric region of
the implant is also an object. There
may be a dose object for each per-
mutation of radioactive source
loading produced by the choices of
source strength, insertion or dele-
tion of possible source positions,
or even radioisotope selection,
These objects are the result of cal-
culation of dose in 3D. Examples
(1,2) are seed-point dose calcula-
tions for iodine-125 or iridium-192
sources, cesium-137 linear sources
(either alone or in the presence of
high-density material shields), Ir-
192 wire sources, and I-125 seed
sources with anisotropy correc-
tions.

I Planning
Object-oriented decision making
involves, first, acquisition of the 3D

y

Figure 1. Diagram shows the source object reference frame
(x/y;z") and CT coordinate system (x, y, z).

image data either after or during
the implant procedure. One then
delineates the anatomy and source-
holding structures. This permils re-
construction of solid object repre-
sentatives of each structure. Selec-
tion of calculated dose matrixes to
fill each source structure is the
next step. The orientation of the
dose matrix is required for deter-
mining the dose inside the CT coor-
dinate space. A dose rate matrix
D(r") can be calculated for each
source-shield-applicator structure
referenced to its own intrinsic co-
ordinate system »’. The CT coordi-
nate system is arbitrarily chosen Lo
define the total dose specification
coordinate system r.

In general, any solid object is de-
fined in 3D space by using six coor-
dinates (9). A convenienl set of co-
ordinates is the object center (r)
plus the three Euler angles (e, S,
1), which define the rotation of the
principal axes of the object. A point
p in space (Fig 1) is given in CT
space by = r +r , where r is the
source center and r is the vector
from the source center to point p.
The position of p in the source’s in-
trinsic frame is given by the follow-
ing equation: £(a, B, v) (r, ) = r’. To
determine the Euler matrix £ from
the image data requires (for the
most general case) the referencing
of two orthogonal axes for the

source structure in the image data.
Because, in general, these axes are
rotated in CT imaging space (Fig 1),
they cannol be directly delineated
in the image data. The method used
for shielded ovoid source applica-
tion (10) in carcinoma of the uterine
cervix will be presented here to il-
lustrate the indirect imaging of the
source axes.

The 3D treatment planning pro-
cess must first start with the identi-
fication of the tandem and ovoids
components as imaged in the CT
scan set. From this, the relative po-
sitions of the sources and shields
musl be determined. The reality of
serial CT imaging is that each sec-
tion shows a volume averaging of
electron density over a given sec-
tion thickness (5). Identifiable high-
altenuation marks on any image
seclion do not necessarily imply
that the opaque material lies at ex-
actly that pixel position. Each pixel
represents a voxel of material. In
fact, even if the section thickness is
very narrow, small errors in digiti-
zation, patient motion, or both can
still make direct interpretation diffi-
cult. Thus, it has been found to be
easier to have identifiable markers
to orient the objects in an indirect
manner—namely, one in which the
source positions are calculated
from information provided by aver-
age properties of the structure in
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Figure 2. Diagram of a radioactive source-holding consisting
of a handle and an ovoid. On the frontal view (top), m is a vec-
tor along the axis of the source handle, and a is a vector in the
flat sicde face of the ovoid. On the top view (bottom) of the col-

postat, the unit vectors x, and =, define the source-intrinsic x

and z axes.

the set of CT scans. This informa-
tion and the known construction of
the applicator yield the source co-
ordinates. The problem, as defined
here, is to start with a set of source
and applicator components, where-
in the intrinsic axes of the source in
the applicator are initially aligned
with the CT axes, and then find the
transformation that translates and
rotates the source and applicator
in 3D such that the source and ap-
plicator lies in the position and ori-
entation that it has in the CT data,

One solution is to create a 3D
representation of the applicator in
the patient from the CT scans and
translate and rotate a perfect solid
model of the applicator into as
close a coincidence as possible to
the reconstructed applicator from
the imaging data space. Alterna-
tively, or in addition, a method to
calculate analytically the sought-
for transformation from the CT
data—based contouring procedure
(and aided by knowledge of the di-
mensions of the applicator) is use-
ful for saving lime,

I 3D Asymmetric Source

To illustrate the latter, consider
the case of a standard Cs-137 tube
source that has been loaded into

the ovoid of a Fletcher-type appli-
cator (10). The colpostat is shown
schematically in Figure 2. It con-
sists of a handle and an ovoid
(which refers to the end of the col-
postat that holds the source). One
must find not only the center of
the source and the orientation of
its symmetry axis, but also the x
and y axes of the source-holding
cavity in the ovoid. The latter is
necessary to determine the orien-
tation of the asymmetric dose dis-
tribution (produced by the axially
symmetric
distribution of radioactive material
in the source plus the asymmetric
distribution of high-density tung-
sten material in the shield [10] ).
For ease of discussion, the serial
sections of the CT scan set define
the z axis of our coordinate sys-
tem. The first step is to estimate
the CT z coordinate of the source-
handle intersection (denoted as
r,[z]). This may be estimated to
within a millimeter or so with a
scout image. The next step is to
calculate, from the drawn outlines
of the colpostat handles (loops in
Fig 2), the centers of these outlines
(r, ). An average direction cosine
m is calculated with the following
equation:

z’ iy 0

The average of the handle centers
r,,. 18 defined by

N

Fava = Z"}c /N. (2)

The source handle intersection r,,
is then given by

(reulz]- ":-'.V(;[-"-])

Fsu = favg +M LIPS R ()

where r, (z) and m(z) are the z
components of r . and m, respec-
tively. Another criterion is that the
angle between m and the source
symmetry axis be 1057 (Fig 2). The
next construction information is
that the distance from the source
center to the source handle inter-
section is 4 mm. Last, the x axis of
the asymmelric source is perpen-
dicular to the flat side of the ovoid.
One therefore outlines a line a in
the flat side of the ovoid in any CT
section wherein the flat side of the
ovoid is in full view. Therefore, the
flat side line is contoured (call it
vector a). The unit vector along the
x axis of the source 5‘\} may be de- '
termined with the following equa-
tion:

axim

la|m| (4)

Xg=

The equations for the source cen-
ter and the transformation matrix
can now be derived from this infor-
mation and are given in the Appen-
dix. '

Therefore, to summarize, from
the outlines of the applicator
ovoids, the z estimate from the
scoutl scan, and the outline of a line
anywhere on the flat side of the
ovoid, one can completely deter-
mine the three coordinates of the
source center and the three Euler
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angles needed to bring the source
and applicator into alignment with
its image in the CT scan set. Note
that no single point is directly iden-
tified except for the source-handle
z coordinate estimate.

RESULTS

Clinical data have been used to test
the method. In Figure 3, two views
of a clinical case are shown. The
tandem source dose matrix is ap-
proximately axially symmetric;
hence, determination of axes per-
pendicular to the longitudinal axis
is unnecessary. These axes are not
shown in Figure 3. Note that the
four tandem sources are connected
together and are centered in the
tandem as they should be. The
lower half of Figure 3 shows that
the x axes for both the left and
right ovoids are perpendicular to
their flat faces. Figure 3 depicts
good agreement for the solid sur-
face reconstruction and the
method described herein. The 3D
display of all objects (Fig 3) pro-
vides a quick quality assurance
check of all aspects of the CT out-
lining procedure (ie, careless mis-
takes are magnified at reconstruc-
tion). The procedure has been
found to be quick, easy, and fairly
accurate. The only adjustment
needed to date clinically (30 cases)
is to adjus!t the z estimate of the
source handle intersection point by
no more than 2 mm. Because a 3-
mm CT section separation is used,
this adjustment is reasonable. After
one makes a first guess of this posi-
tion and the result has been visual-
ized as in Figure 3, reentering a new
guess of this coordinate is a
straightforward process; after that,
it is rare that a second guess is
needed. Whether such fine tuning
is necessary is determined in sec-
onds by rotating the objects in Fig-
ure 3 through several views.

The result of this process (Fig 3)
shows that 3D visualization aids in
the quick verification of the results.
In the example considered, the col-

Figure 3. Fron-
tal view of a 3D re-
constructed CT
scan (top) of the
tandem and ovoid
objects shows the
reconstructed vec-
tors m, x, and z;
as three intersect-
ing lines in the
ovoid. Four source
symmetry axis
lines are connected
together in the tan-
dem. Top view
(bottom) shows
perpendicularity of
the x; axes Lo their
respective ovoid
flat surfaces.

postat itself had high attenuation
(10) and was easily visualized with
the CT data. Transparent objects
would require the introduction of
high-attenuating “dummy” materi-
als into the applicator. These
dummy markers can be designed to
permit reconstruction of the appli-
cator position in a manner analo-
gous to that shown here,

Once the source positions and
their orientations have been con-
firmed, the source strengths may
be chosen. The contribution to the
dose at any point D(r ) in the pa-
tient is the weighted sum of all the
individual source dose matrixes, as
follows:

Ny

D(r,)= Z wD(rt ) )

i=l

where N, is the number of sources
(each with its own separate coordi-
nate system transformation) and w,
is a source strength in units that
depend on the method of dose ma-
trix normalization. By choosing the
weighting and calculating the dose
over a 3D grid of points, one can
display the dose in three ways.
The first method of dose display
entails the acquisition of arbitrary
sections in the patient and display

of the isodose lines on thal section.
These isodose lines may be super-
imposed on a calculated CT recon-
structed plane as shown in Figure
4. The top half of Figure 4 shows
the reconstructed CT section as a
3D object “slicing” through the ap-
plicator-anatomy objects. The bot-
tom half of Figure 4 shows the im-
age of the reconstructed section
and the point A isodose line, which
lies on this image. Note the high-at-
tenuating tandem and ovoid shad-
ows inside the isodose line and
compare with the section object vi-
sualization in the top half of the fig-
ure, This is the traditional presen-
tation of dose (without the CT sec-
tion). Many isodose lines may be
put on the section, or a color wash
may be calculated and superim-
posed on the reconstructed CT sec-
tion. Finally, note that the section
of interest is not an actual CT sec-
tion but a reconstructed seclion
and that the information used to
decide where to best section the
object ensues [rom the same pro-
cess as the source matrix orienta-
tion calculations in the Appendix.
The second method of dose dis-
play is the one that we are inter-
ested in for the purpose of this
chapter. A dose object is created
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Figure 4. Recon-
structed 3D objects
from CT sections
(top) demonstrate
the location of the
hest coronal-like
reconstructed CT
section as a geo-
metric object amid
organ and applica-
tor objects. Recon-
structed CT image
(bottom) shows
the point A isodose
line superimposed
over the object,

Figure 5.

Reconstructed objects [rom CT scans demonstrate the isosurface solid

object coverage of the uterus. The ovoids are partially enclosed by the dose (56 cGy/

h) isosurface.

out of a particular 3D isodose sur-
face and is presented along with its
relationship to the collection of ob-
jects representing the anatomy and
the source-holder structure. The
creation of such an object is pos-

sible with the marching-cubé algo-
rithm (11). An example for the
treatment of carcinoma of the uter-
ine cervix is shown in Figure 5.
Here, an isosurface—the surface in
space that goes through the locus

of points, all with the special his-
toric (3) point A dose rate—is
shown. The relationship of the
point A dose rate surface to the
uterus indicates that this isosur-
face easily surrounds the cervix
and much of the uterus. Figure 5
also indicates which positions of
the uterus have dose rates less
than that at point A (ie, the portion
of the uterus that is visible in Fig
5). New isosurface dose objects are
created in seconds. By selectively
choosing different dose isosurfaces
to display, one can quickly appreci-
ate the location and magnitude of
the hot spots to the rectum and
bladder. For example, Figure 6
shows a side view of a 75 cGy/h
dose rate isosurface touching the
rectum. This indicates the maxi-
mum dose to the rectum for this
implant. Although it appears that
the bladder also intersects the 75
cGy/h surface in Figure 6, rotation
to other views shows thal the dose
rate is a little less. It is clear that 3D
display of dose objects can answer
all relevant clinical cuestions in a
quick manner.

The third dose presentation
scheme is a dose-painted surface
object. Figure 7 shows the tandem
and ovoids applicator and the
patient's rectum and bladder sur-
face dose rates. The outline of the:
rectum and bladder in the CT data
sel has been used to generate many
points on the surface of the rectum.
These geometric points are then
formed into a list of points for dose
calculation. Each point is con-
verted into a small sphere, and
each object’s color is determined
by color mapping the dose (in Fig
7, black represents a dose rate of
greater than 60 cGy/h). So, in fact,
there are approximately 1,000 ob-
jects in Figure 7. All but three of the
objects (namely, the tandem and
ovoids) are simple, small spheres.
For the example in Figure 7, one
notes the large extended contigu-
ous area exposed to dose rates in
excess of 60 cGy/h, Appreciation of
the area of rectum exposed to any



84 01 Weeks

other chosen level of dose rate is
accomplished quickly and easily
by simply changing either the
color range or gray scale and by
changing the viewing angle.

The general treatment planning
schema is depicted in Figure 8.
The largest time components in
Figure 8 are access of the CT data
and, especially, contouring of the
objects. At our institution, this
takes no more than 1.5 hours.
Methods to calculate the dose
vary in complexity and, hence,
time; however, precalculation of
source structures is ordinarily
clinically acceptable, and, thus,
this is not a constraining factor.
The rest of the steps in Figure 8
take seconds, except for the issue
of evaluation, which, being some-
what subjective, can last any
amount of time and will be ad-
dressed elsewhere. As mentioned
above, the availability of real-time
interactive 3D imaging data would
allow the feedback at the bottom
of Figure 8 to return to the imaging
modality, which would enable one
to optimize the source-holding
structure positions on the basis of
how the dose object structures
were dynamically changing as
sources were added,

Another application is template-
guided needle implants for carci-
noma of the vagina with the use of
strings of Ir-192 seed sources.
Brachytherapy object-oriented 3D
planning has simple functions
such as determining which
needles are in or out of the tumor
(target to hit) or critical structures
(target to miss). Figure 9 shows
the 3D anatomy and a 22-needle
implant. The vaginal cylinder and
the template that guided the
needle insertions are shown as ob-
jects. The needles inside the rec-
tum or bladder are obvious and
thus should not be loaded. In addi-
tion, Figure 9 shows that a few
needles lie mostly outside the tar-
get; the remaining needles are in-
side the target volume. Creation of
a 3D dose object for each needle

Figure 6. Recon-
structed objects
from the CT scan
and the 75 cGy/h
isosurface object
(white) for com-
parison with the
rectum and blad-
der. This view of
the object shows
the dose isosurface
touching the rec-
tum.

Figure 7. Recon-
structed 3D image
of dose-shadec
rectum and blac-
der surface points.
The darker regions
in the rectum and
bladder corre-
spond Lo a dose of
at least 60 cGy/h,

and selective turning on or off of
various combinations quickly en-
ables the treatment planner to de-
cide which needle to load with
what length ol seed strand. The
dose display techniques pre-
sented in Figures 5-7 can be used
in the same manner.

Preplan optimization of Tr-192
needle-template implants can be
performed quite quickly. Figure 10
shows that creation of a grid ob-
ject (here viewed from the side)
can help in registering the com-

puter simulation of needles (not
shown) being implanted. Because
these are rotatable objects, rota-
tion to a view along the axis of the
physically possible template orien-
tation (ie, where the vaginal cylin-
der is seen on end) enables one to
design a customized template pat-
tern (by using the grid, which ro-
tates with the anatomy objects, to
measure the needle-to-needle rela-
tionships). During the preplanning
stage, straight needles are as-
sumed, the dose distribution is cal-
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matic of the brachy-
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ented treatment plan-
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culated for various-strength load-
ings of the needles, and the final re-
sult of the preplan—namely the
number of seed strands, the num-
ber of seeds per strand, the
strength of sources, and the tem-
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Figure 9. Recon-
structed objects
from a CT scan for
the case of an Ir-
192 vaginal tem-
plate implant. All
needles are shown
from the Lip of
their insertion to
the most inferior
position (left) to
which they might
be loaded with ra-
dinisotopes in or-
der Lo treal the tar-
gel volume. The
template was used
to guide needle in-
sertion.

plate design—may be determined.
This part of the process uses dis-
play techniques similar to those
shown in Figures 5-7. The template
can then be fabricated with appro-
priately spaced holes and be made

ready for the actual implant proce-
dure.

DISCUSSION

The historic characterization of the
3D dose with a few fixed points has
long guided brachytherapy and will
continue to be useful. It is clear
that 3D dose-surface images have
the potential to ameliorate the
treatment planning process. With
this information, we hope to dis-
cover refined therapy guidelines to
help the physician avoid generating
complications.

Brachytherapy object-oriented
3D treatment planning has been
presented as an eflicient method
for providing improved brachy-
therapy planning with 3D imaging
modalities. Brachytherapy is par-
ticularly suited to this imaging de-
velopment because, even when lim-
ited to plain orthogonal radio-
graphs, 3D localization ol radioiso-
topes and 3D representation of the
dose as characterized by dose dis-
tribution on three orthogonal
planes have been standards of
practice for many years. Therefore,
3D imaging itself is natural for
brachytherapy, and, clearly, the
use of CT, MR imaging, and US can
improve the reliability of the treat-
ment. Moreover, the acquisition of
detailed anatomic dose distribution
data and their correlation to subse-
quent follow-up clinical findings
can help us to improve the treat-
ments in the future.

APPENDIX

It is necessary to find the center r,
and the orientation of an object
with principal axes characterized
by the unit vectors x and z_ (y, is
then uniquely defined). The unit
vector x is given by Equation (4),
and r,, m, and r,have all been de-
fined in the text. The length of the
source is denoted by L, and the
angle between the source axis and
the vector m is 6 (105° in reference
10). The distance between points
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r,,and r is t (0.4 em in reference

10).
Let
Fas =lsu —Taves (A1)
Lip,y|cos®
HEM‘ (A2)
B
"AS( "')-“:,5(" )
i F s
B 45(y) @3
b= :
¢
= Ja, (A1)

d=(be/a)—[Rs(y)/ Rs(x)]. (A5)
e= 1‘A5(X)f + "As{‘f-)s (A6)

[Rs(2)]/[2s(x)],  AD

= l+d +b'
(AB)
Az =a—bAy, (A9)
and
Ax = ¢ —dAy, (A10)
then
Zo(x)=np(x)+Ax,  (All)
Z()=r(y)+Ay,  (Al2)
Z5(z)=rgylz)+ Az (A1)

The source center coordinates are
given by r = r. — tz_. The Euler
o 5

s

angles (e, B, ) are given by

s(y) 1
T (Al14)

o =K +atan

13 | e

Fo

where K=180"if z(x) <0, K=0"if
z(x)>0and z(y) > 0, and K = 360"
if z(x) > 0 and z(y) < 0. Then

—J(du +ab)? —(I d? h‘i)(c:' b= 1.")

Figure 10.

B = 4C0s8 M_ p ]
O TE@0,0)7 (A15)
and
(B BO)Es),
Y = acos (A16)

E(o, BO)gy|

The Fuler matrix £ is defined in
reference 9.
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