J. Korean Soc Ther Radiol : Vol. 12, No. 2, June, 1394

243
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=Abstract=

The use of high dose rate remote afterloading system for the treatment of intralu-
minal lesions necessitates the need for a more accurate of dose distributions around
the high intensity brachytherapy sources, doses are often prescribed to a distance
of few centimeters from the linear source, and in this range the dose distribution is

very difficult to assess.

Accurated and optimized dose calculation with stable numerical algorithms by PC
level computer was required to treatment intraluminal lesions by high dose rate
brachytherapy system. The exposure rate from sources was calculated with Sievert
integral and dose rate in tissue was calculated with Meisberger equation.

An algorithm for generating a treatment plan with optimized dose distribution was
developed for high dose rate intraluminal radiotherapy. The treatment volume be-
comes the locus of the constrained target surface points that is the specified radial

distance from the source dwelling positions.

The treatment target volume may be alternately outlined on an x-ray film of the
implant dummy sources. The routine used a linear programming formulism to com-
pute which dwell time at each position to irradiate the constrained dose rate at the
target surface points while minimizing the total volume integrated dose to the pa-

tient.

The exposure rate and the dose distribution to be confirmed the resuit of calculation
with algorithm were measured with film dosimetry, TLD and small size ion chambers.

Key words : Intraluminal brachytherapy, Dose optimization, Sievert integral, Meisberger
equation, Linear programming formulism.

INTRODUCTION

The high dose rate remote afterloading system
for the treatment of intraluminal lesions needs a
accuracy and optimization of dose distributions
around the high intensity brachytherapy sources.
The dose distribution to a distance of few centi-
meters from the linear source is very difficult to

" This study was supported by a faculty research
grant of Yonsei university college of medicine(1932)

evaluation'®.

The recent developments in afterloading treat-
ment techniques require numerically stable algo-
rithms for a reliable three dimensional dose opti-
mization®**. The afterloading irradiator consists
of a high activity radioactive source mounted at
the end of a wire. The wire travels inside a cath-
eter that has been inserted inside the patient®”.

The exposure rate at a reference point in air
was calculated with Sievert integral formula and
dose rate calculation was performed with the
Meisberger polynomial program.
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The radioactive source may be programed to
dwell for specified times at specific points along
the pathway inside the catheter. This system
permits selection of dwell positions and dwell
times to achieve a desired dose distribution. Our
purpose is to generate these plans quickly and
automatically with minimal input, as the planning
must be done after the placement of the cathe-
ters in the patient and before actual treatment
can commence.

Linear programming is a mathematical tech-
nique for problems requring optimization and so-
lution methods are well developed. Linear pro-
gramming has been applied to radiation therapy
in previous reports, all of which are too numer-
ous to cite here. We will follow the ideas devel-
oped in two prior reports on applications to plan-
ning implants®®.

By fixing the dwell positions and letting the
dwell time be variables. our problem fits into the
linear programming formuiism.

The exposure rate and the dose distribution to
be confirmed the result of calculation with algo-
rithm were measured with film dosimetry, TL.D
and a PTW 0.1 cm?® ion chamber in a small water
phantom in a distance of 10cm:from the source.

MATERIALS AND METHODS

1. Dose distribution

Exposure rate distribution around a linear
brachytherapy source can be calculated using
the Sievert integral*®'®. The method consists of
dividing the line source into small elementary
sources and applying inverse square law and fil-
tration corrections to each. Consider a source of
active length L{cm) and filtration t(cm). The ex-
posure rate | at a point P(x,y) contributed by .the
whole source elements

{x, y)=—'|‘-E‘I—ft‘)zexp(—utsecé2 Ydéd €))

Y Jo,
Where A and I' are the activity (mCi) and expo-
sure rate constant (R % cm?/hr * mCi) of the unfil-
tered source and pis the effective attenuation
coefficient(cm™') for the filter, and 4 is the angie

between the point and perpendicular distance,y
(cm), on the active length axis'-'>*%.

The Sievert integral gives the exposure rate
distribution in air and considers only the inverse
square law and filtration effects. When a source
is implanted in the tissue, one needs to
considere, in addition, attenuation as well as
scattering in the surrounding tissue. The expo-
sure rate calculated at a point in tissue can then
be converted into absorbed dose rate by using
the appropriate roentgen—to—rad factor.

We used Meisberger's formula to calculate
absorbed dose in tissue. It's a third order polyno-
mial formula to fit the average of their theoreti-
cal and all available experimental data''>'®.

The calculation of isodose rate in a water me-
dium is performed with the personal computer.
The calculation program uses the “Meisberger
Polynomial” for radial distances lower than 10
cm from the sources as faliow.

D(=2Lp(r) (2)
P(r)=A+Br+Cr*+Dr* (3)
Source I' A B C D

I-192 4.66 1.0128 5.02%10°-1.18% 10" 201%107°
Au-198 2.32 1.0306 8.13% 107 1.11%10°-1.60% 10™*
Cs-137 3.26 1.0091 -8.02% 107 -3.46% 10 -2.82% 107
Co60 12.8 0.9942 532%10°-2.61%10" 1.33%10™

For distances larger than 10 cm an exponential
equation is introduced for the isodose calcula-
tion.

D()=5P(10) exp(-u(-10)}  (4)

D is the absorbed dose rate in tissue(cGy), A is
activity (Ci), I' is exposure rate constant (R *cm?
/hr%mCi), r is radial distance(cm) and u is atten-
uation coefficient (cm™) for tissue.

This program allows to caiculate points and
wire sources, the maximum numer of sources is
50. The isodose distribution can be displayed in
different planes, sagittal, frontal and transversal.

2. Algorithm for dose optimization

Inspecting several numerical algorithms for



solving linear equation systems, we found a type
of optimzation problem similar to the problem of
finding the appropriate dwell times in afterloading
treatment planning. This type of problem is called
Linear programming system. It consists of a
system of linear constraints which can be used
to specify lower and upper limits for both the
dwell times and the dose values”**. The opti-
mization criterion can be used to specify weight
factors for both dose and dwell time homogene-
ityzo,m.zz)_

The algorithm, which is used for the solution of
linear programming system problem, is the Sim-
plex algorithm. It starts with the search for a
feasible point, a combination of dwell times
which fulfills all linear constraints, and minimizes
the value of the objective function until an opti-
mum is found®®.

The coordinates of a finite number of possible
dwell positions on a catheter are evenly spaced
along the catheter as provided by the after-
loading machine and have been restricted to a
specified region of interest . These coordinates
may be found from orthogonal x-ray fims taken
of the implant. Numbering all dwell positions on
all catheters 1 through n, let t be the dwell time
at the ith dwell position.

We mark the film indicating the begining and
end of the region of interest where the dose
prescription is prescribed at the perpendicular
distance from the catheter suitable margins
which have been added to the tumor volume in
indicating the region of interest. This is a matter
of definition of target volume.

The points generated on the target volume
margins are constraint points used in the algo-
rithm and are enumerated 1 to m. Let the dwell
time ti at each dwell position be the unknown
variable, let aij be the dose rate contribution
from the ith dwell position to the jth constraint
point, with Dj the total dose to the jth constraint
point. Let Z be the numerical sum of all the dwell
times, and TD is the specified target dose. Then
the dwell times ti can be found by solving the
linear programming problem
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Minimize Z =34, (5)
i=1
Subject to the constraints
D=3la t>TD, forallj=1tom (6)
i=1

t>0, foralli=1ton

The last constraint, that t; is a positive number,
is implicit in the linear programming formulism and
is not formally written. The problem as formulat-
ed will have, in general, an infinite number of so-
lutions. An optimal solution is one for which no
other choices of dwell times will result in a small-
er value of Z, the sum of the dwell times in this
case, and still satisfy the reguirements of all the
constraints,i.e., that all constraint points receive
at least the target dose (TD). There may be
more than one optimal solution, but all will neces-
sarily have the same value of Z, An optimal solu-
tion can be found by using the Simplex meth-
od*#.

In the first place, minimizing the sum of the
dwell times will minimize the integral dose to the
patient. The total dose integrated over the vol-
ume of the patient is directly proportional to the
total time the source is in the patient. Minimizing
the time the source is in the patient will minimize
the integrated dose. If there were no constraint
points, then the sum Z would simply be zero.
The constraint points,hnowever, prevent such a
trivial solution. The optimal solution calls for the
smallest possible treatment time, while the con-
straint points enforce a floor on the dose at each
constraint point. The solution will tend to lower
the dose at each constraint point as much as
possible, driving the solution in the direction of a
uniform dose distribution on the target surface.
We have not considered nonlinear approaches to
this problem such as minimizing®

Z=3(D—TDY 7)

Because we want to force the dose to be at
least target dose(TD) every where inside the
target volume. A least squares fit of Eq.(7) with-
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out constraints on the dose as above in Eq.(5)
would not guarantee the target dose of TD at all
constraint points, and the solution would also
allow negative times. Nonlinear techniques with
constraints will require an order of magnitude
more computer time for solution for the same
number of variables and constraints.

Such points are called nonbinding constraints
as their presence will have no effect on the solu-
tion.

The solution times for the Simplex method in-
crease exponentially with the size of the prob-
lem. Spending the computer time to eliminate
constraint points inside the volume might in fact
save more time in solving the problem and would
certainly seem to be necessary when employing
nonlinear technigques.

The algorithm doesn't necessarily produce a
time at every dwell position. Spreading the times
out over all the dwell positions may give a more
uniform dose distribution in the interior of the
volume near the catheter.

Consequently, there are some values in
averaging the dwell times over a few neighbor-
ing dwell positions. A concentration of time in a
small area will result in higher doses near that
area, but on the other hand, using less dwell po-
sitions makes operation of the equipment easier
and less error prone. This program has been im-
plemented on IBM/PC compatible computers run-
ning MS-DOS. 1t accepts up to 100 dwell posi-
tions and 50 dose reference points. The personal
computer has a 4MB RAM with the numerical
coprocessor and printer.

The measurement of dose rates were per-
formed in a standard water phantom with 0.1 cc
water proofed ion chamber and TLD dosimeters

RESULTS

1. Dose distribution from source

Exposure dose rate calculations in the vicinity
of the high activity sealed linear sources are per-
formed with a computer. Fig. 1 is shown the ex-
posure dose rate distribution for sealed point

source to be calculated by the Sievert Integral
formula (Eq.1), and to be measured with film do-
simetry. The exposure dose rate for radial direc-
tion is much larger than that for length along to
source axis because of sealed materials and self
absorption (Fig. 2).

The exposure dose rate is difference between
the near and far field from the sources. There is
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Fig. 1. Isodose curves around a 10Ci Iridium—192
short line source (0.6mmg¢x 3.5mm active
length) with 120 sec dwell times. Dose
plotted are 1, 2, 3, 5, 10, 20 and 100Gy
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Fig. 2. Plot of exposure dose of 10Ci Ir-192
source as a function of radial and axial
distance from short line source with O.
6mmg x 3.5mm active length.



a 1/r dependency for short radial distances
against the active length of the source, where as
for long radial distances against the active length
of the source there is a 1/r* dependency of the
dose rate.

Figure 3 is shown the exposure rate for both
direction from the linear source as a function of
distance. The exposure dose rate distribution is a
good correspondence between calculation and
measurement, even as the formula considers nei-
ther absorption nor stray effects.

Figure 4 compares the radial exposure rate dis-
tribution of 3cm active length with that of a iridi-
um-192 point source. Whereas the curve for the
point source represents an inverse square law
function, the linear source curve was obtained
using the Sievert integral. It is evident from the
figure that for the linear source, the exposure
rate is less than that predicted by the inverse
square law, especially at points close to the
source. This is as expected since the photons
reaching these points from the source extremi-
ties travel larger distances and suffer oblique fil-
tration which is greater than the radial wall thick-
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Fig. 3. Dose distribution of 10Ci Ir-192 linear
source with same dwell times at 7
points into 3cm intralumial catheter.
Dose plotted are 1, 2, 3, 5, 10, 20, 40
and 60Gy.
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Fig. 4.Plot of exposure rate to radial distance
from 10Ci Ir-192 source as a function of
radial distance for point source and linear
source with 3cm active length.
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Fig. 5. Attenuation correction factor in water as

a function of distance for a point source.
curves are calulated by Equation 3.

in water, r{cm)

ness. As the distance is increased, these effects
of the linear source approach those of the
pointsource and its exposure rate curve ap-
proaches inverse square law.

The absorbed dose rate in a water is calculat-
ed by Meisberger Polynomial (Eq.2), for radial
distances shorter than 10 cm from the sources.

Figure 5 shows the absorbed dose curves cal-
culated by Eq.3 at short distances, the attenua-
tion of the primary photons is very much com-
pensated for by the contribution of scattered
photons with the result that the exposure in
water is almost equal to the exposure in air at
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the same point.However, tissue attenuation
overtakes scattering at larger distances.

For cobalt sources.the net reduction is about 1
% per cm of intervening tissue up to 5em*¥.

The consequences of activity deviations data
on the isodoses of the linear array of 11 sources
are demonstrated the activity range of 7.5%
error in the dose distribution. As the dose gradi-
ent is much more steep close to the sources, the
error of the radial dose is smaller than in larger
distances due to the 1/r* dependency

2. Dose optimization of intraluminal catheter

For optimum dose distribution on target volume,
film simulated was taken as anterior and lateral po-
sition, and then we decided target volum along the
intraluminal catheter and pointed out the constraint
positions along the target volum contour. The op-
timized dose was calculated by the Simplex equa-
tion (5).(6) and (7) with computer.

As an example of the method considers the
problem of irradiating a intraluminal catheter, 5cm
long to a dose of 5Gy at a radius of 2cm, we will
assume that all possible dwell positions are sepa-
rated by 0.5cm intervals along the 5cm length
catheter, beginning with dwell position No. 1 at
one end and ending with No. 11 at the other
end. The solution was found by generating con-
straint points using the same interval of
0.5cm at a radius parallel to the length of the
catheter. Figure 6 shows the resultant dose dis-
tributions for a 3.7 x 10"'Bq(10Ci) Ir-192 source
of 11 dwell points and 11 constrained reference
points.

We have noted that the solution tends to have
a concentration of time at the dwell positions at
the ends of each catheter which may be objec-
tionable (table 1). The reason for this is that the
constraint points perpendicular to the end points
and at distance from constraint points are only ir-
radiated by dwell positions inside the region of
interest as we have restricted the dwell posi-
tions 1o the region of interest. The constraint
point near the center of the region of interest re-
ceives radiation from both ends of the catheter,
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Fig. 6. Dose distribution under reference dose
constraint at 1cm from source axis as
5Gy for intraluminal brachytherapy with
10 Ci =192 source, the end dwell point
times have been spread out over 11
dwell positions. Dose plotted are 1, 2, 3,
5, 10, 20, 30, 50 and 100 Gy.

Table 1. Solution for a 5cm long straight line
catheter, with dwell positions every
0.5cm, to treat 5Gy to a constraint
radius of 1cm, with a 3.7x10"Bq

(10Ci) Ir-192 source, All times
shown are in seconds
No Dwell position Dweltime  Constraint
X \% z sec radius Dose
(cm) (cm) (cm) (cm) (Gy)
1 -25 0 0 20 1 4.93
2 =20 0 0 13 1 4.99
3 -15 0 0 5 1 5.01
4 -10 0 0 4 1 5.00
5 -05b 0 0 8 1 5.01
6 00 O 0 10 1 5.03
7 0.5 0 0 7 1 5.01
8 1.0 0 0 5 1 5.00
9 1.5 0 0 8 1 5.01
10 2.0 0 0 14 1 5.02
11 2.5 0 0 18 1 4.99

where—as a constraint point near the end only re-
ceives radiation from one direction. Consequent-



ly, the dwell time at the end has to be larger to
boost the dose at the end constraint point to
target dose. Because this larger time also con-
tributes to constraint points near this same end,
a decrease in time is needed in the area adjacent
to the end.

3. Irregularly shaped optimization for a intra-
luminal catheter

The target volume for a single catheter can be
alternately designed by outlining an irregular con-
tour around the catheter in one or both of two
orthogonal films. If we consider the line defined
by a point on this contour to the point source of
x-rays, we can find the point on this lines that
comes closest to the catheter, which we will
take as a constraint point. By generating such
constraint point by considering even intervals
around the contour on one or both films, we can
define sufficient constraint points for solution by
the above method, where the dose may now
vary along the length of the catheter. In this
case, to view the isodose curves, we generated
the best plane through the catheter using least
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Fig. 7. Resultant of optimum dose distribution
for an irregular volume with 1cm con-
straint points as dose of b Gy. Dose
plotted are 1, 2, 3, 5, 10, 20, 30, 50 and
100Gy.
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Fig. 8. Bronchial application dwell times, 10Gy
isodose on constraint reference points at
0.6cm from catheter axis. Dose plotted
are 2, 3,5, 10, 20, 40 and 60Gy.
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squares. Figure 7 shows the resultant of opti-
mized dose distribution for a pear shape target
volume with 11 dwell points of Ir-192 source.

Figure 8 shows the optimization of dose distri-
bution for the bronchial cancer with Iridium 192
source into linear bronchial catheter.

DISCUSSION

Using the activity of the radionuclide in the
source as the method of specification suffers
from a number of problems. It is difficult to de-
termine the activity in a brachytherapy source,
and different methods of determination may
yield different values. Likewise, it is difficult for
some radionuclide, to determine the exposure
rate constant, especially for encapsulated sourc-
es. When activity and expdsure rate are treated
as separate parameters in the dose calculation, it
is inevitable that attempts will be made to deter-
mine them with ever increasing accuracy. Not
only is this wasted effort, from the viewpoint of
brachytherapy, but it is inevitable that indepen-
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dent choice of these parameters will in some
cases be inappropriate, and lead to incorrect val-
ues of the desired quantity, exposure rate at the
calibration point. For these reasons,activity is an
unsuitable method of specifying brachytherapy
sources.

Source strength specification in terms of the
exposure rate at a specified distance dose not
suffer from the disadvantages mentioned above.
Exposure rate is a measured guantity that can be
directly traceable to a national standard.Dose
rate in tissue,the quantity of interest in clinical
dosimetry, is much more closely related to expo-
sure rate than to the activity encapsulated in a
source, and a knowledge of the exposure rate
constant is unnecessary. The equivalent mass of
radium is essentially the same as exposure rate
specification since equality of exposure rate is
used to define the equivalent mass of radium.

Specification in terms of equivalent mass of ra-
dium also facilitates the use of radium dosage ta-
bles for clinical dosimetry. However,the equiva-
lent mass of radium is now of historical interest
only, as radium substitutes replace radium sourc-
es. Although radium tables may still be of some
utility in planning brachytherapy procedures,it is
probable they will be replaced by more conve-
nient computer generated planning aids. Radium
tables should generally not be used for final dosi-
metric evaluation and computerized systems are
used more and more to obtain dose distributions
for individual patients on which clinical decisions
are based.

It should be noted that both the radium equiva-
lence method and the apparent activity method
involve dividing exposure rate by the exposure
rate constant to get the source strength and
then multiplying by it to calculate the dose.
Aside from the obvious redundancy, this manipu-
lation of a dummy constant leads to the real pos-
sibility of error,especially since the division may
be performed by the manufacturer,using one
value,and the multiplication by the user,using an-
other value.

Thus, the quantity exposure is in the process

of being phased out and the use of air kerma rate
at a reference distance is recommended as the
method of choice.

The dose rate at a specified distance is very
difficuit to measure accurately around sources
and the quantity, although more directly related
to clinically desired dose, would result in more
variability errors among institutions''>.

Formulating the design of optimum dose distri-
butions for a compute controlled afterloading de-
vice as a linear programming problem is success-
ful in achieving a treatment plan for a specified
target volume without requiring to locate con-
straint points or specify particular dwell posi-
tions. With this algorithm, it is only necessary for
the constrait points to be generated so as to de-
fine the treatment volume, hence use of this
method reduces the design of the implant prob-
lem to that of defining the target volume. The
plan can then be arrived at automatically and
fairly quickly after data entry with only a dose
prescription at a distance required of the dose
planners.

We have limited ourselves to considering an
irregulary shaped volume found from contours
drawn on film around a single catheter or vol-
umes specified as the locus of all points at a
given distance from the region of interest of all
catheters. More sophisticated methods of defin-
ing a target volume would probably require con-
struction of a volume from out lines in succes-
sive transverse computed tomography scans as
described by Renner .et.®'®%:% since the out-
lines would most likly have to relate somehow to
the patients particular anatomy. We will pursue
that approach in the future only if the clinical
problem proves to demand it.
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