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An anatomy-based dose optimization algorithm is developed to automatically and rapidly produce
a highly conformal dose coverage of the target volume while minimizing urethra, bladder, and
rectal doses in the delivery of an high dose-rate~HDR! brachytherapy boost for the treatment of
prostate cancer. The dwell times are optimized using an inverse planning simulated annealing
algorithm ~IPSA! governed entirely from the anatomy extracted from a CT and by a dedicated
objective function~cost function! reflecting clinical prescription and constraints. With this inverse
planning approach, the focus is on the physician’s prescription and constraint instead of on the
technical limitations. Consequently, the physician’s control on the treatment is improved. The
capacity of this algorithm to represent the physician’s prescription is presented for a clinical pros-
tate case. The computation time~CPU! for IPSA optimization is less than 1 min~41 s for 142 915
iterations! for a typical clinical case, allowing fast and practical dose optimization. The achieve-
ment of highly conformal dose coverage to the target volume opens the possibility to deliver a
higher dose to the prostate without inducing overdosage of urethra and normal tissues surrounding
the prostate. Moreover, using the same concept, it will be possible to deliver a boost dose to a
delimited tumor volume within the prostate. Finally, this method can be easily extended to other
anatomical sites. ©2001 American Association of Physicists in Medicine.
@DOI: 10.1118/1.1368127#
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I. INTRODUCTION

The last decade has seen major changes in the way radi
treatments are delivered. The century-old objective of rad
tion therapy, i.e., to deliver a curative dose to the target w
preserving normal tissues, can now be aimed at with a h
degree of sophistication. However, in spite of major i
provements achieved with 3D imaging modalities that all
the anatomy to be properly defined, brachytherapy tre
ments have not yet fully benefit from these important n
pieces of information. The positioning of the seeds for p
manent implant or of catheters for after-loading treatmen
now image guided, greatly improving the localization of t
applicators. At the planning stage, however, the anatom
usually only indirectly taken into account. For high dose-r
~HDR! brachytherapy, catheters are placed in the target
ume and it is assumed that if the dose distribution covers
catheters, it should also cover the anatomy. Imaging is c
monly used to set the treatment margins, but optimized d
distributions are based on considerations such as cathete
sitions and desired dose to a few defined points. This ne
sarily results in an approximation of the shape of t
anatomy. For the case of treatment of the prostate, volu
optimization results in a dose distribution that is essentia
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cylindrical in shape. This may represent an ‘‘average’’ pro
tate, but each prostate has a very specific shape. Any
proximation of its shape to a geometrical representation
result in an overdosage of normal tissues surrounding
prostate. The organs at risk in the vicinity of the prosta
may be included in this unnecessarily overdosed region.

Recent studies1 indicated that the treatment of the prosta
with a 3–5 mm margin by brachytherapy would encomp
all known disease in 99%–100% of the specimens with
traprostatic extension. A cylindrical approximation of th
shape of the prostate is not able to assure the complete
erage of the prostate volume. Only a conformal dose dis
bution to the anatomy with adequate margin around the p
tate will encompass all disease.

Furthermore, Brenner and Hall2 mentioned that for pros-
tate cancer, the tumor and the surrounding late-respon
tissues are likely to have similara/b values, and thus simila
sensitivities to changes in fractionation. Consequently, fr
tionation will neither significantly increase nor decrease
therapeutic advantage between tumor control and late seq
The result is that the healthy tissue can be only spared by
reduction of the dose. On the other hand, increasing radia
dose to the tumor improves local tumor control a
773…Õ773Õ7Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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774 E. Lessard and J. Pouliot: Inverse planning anatomy-based dose optimization 774
survival.3,4 The only way to increase the dose to the tum
without delivering more dose to the healthy tissues is to
conformal. Thus the reach of highly conformal dose cov
age for prostate cancer treatment is of major importance

In the same paper, Brenner and Hall2 concluded: ‘‘High
dose-rate~HDR! brachytherapy would be highly appropria
modality for treating prostate cancer. Appropriately design
HDR-brachytherapy regimens would be expected to be
efficacious as low dose rate, but with added advantage
logistic convenience and more reliable dose distribution
With modern imaging modalities and fast computers n
available, tools are at hand to develop a planning method
can provide highly conformal dose coverage using all
potential of HDR-brachytherapy.

In previous work on permanent implant for the treatme
of prostate cancer,5,6 we developed a computer progra
based on a fast simulated annealing algorithm to autom
cally and rapidly produce plans for the treatment. We ha
shown that this dose optimization, when properly tuned,
the potential to deliver highly conformal and robust plan7

Moreover, once parameters controlling the iteration proc
are properly tuned, automatic dose distributions can be o
mized within 2 to 3 min for a complete range of prosta
sizes and shapes with no further patient-to-patient param
adjustment. This optimization is now routinely used clin
cally.

The optimization process used to compute the seed p
tions is guided by the dose coverage and dose constr
specified by the radiation oncologist on the anatomy
tracted from ultrasound images. Instead of defining the tr
ment configuration to distribute the dose to agree with
physician’s prescription, our approach uses the physicia
prescription to guide the optimization toward the best tre
ment configuration. This change of perspective is called
verse planning. With this new approach, the focus is on
physician’s prescription and constraint instead of on
technical limitations. Consequently, the physician’s cont
on the treatment is improved.

The goal of this paper is to apply the concept of inve
planning to obtain an anatomy-based optimization of
dose distribution without any manual modification to deliv
a highly conformal HDR prostate treatment. Knowing t
exact localization of the applicators, owing to modern ima
ing modalities, it is easy to establish the possible stopp
position of the radioactive source. Givenj possible source
positions~dwell positions! the problem is the determinatio
of j times~dwell times! so that the resulting dose distributio
will closely respect the clinical criteria. Those criteria a
included in a dedicated objective function, known as the c
function, to govern an optimization process. We will intr
duce an HDR inverse planning dose optimization gover
entirely from the anatomy and clinical criteria to decide t
best dwell time distribution. After a brief description of th
procedure and of the inverse planning simulated annea
~IPSA! algorithm, results obtained for different optimizatio
parameters are presented. This will provide an opportunit
evaluate the capability of the algorithm to meet the phy
cian’s prescription.
Medical Physics, Vol. 28, No. 5, May 2001
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II. TREATMENT PROCEDURE

The treatment of prostate cancer with HDR radiati
therapy involves several steps.8 Only those relevant to dos
planning will be presented. Once a patient has been sele
for HDR treatment, catheters are inserted in his pros
through the perineum. This is performed under ultrasou
guidance in the operating room. An often cited advantage
HDR over permanent implants is that dose distribution
calculated after catheters are in place. Usually, a total of
catheters are needed to offer sufficient dwell time positio
to cover the entire prostate.

A CT is then obtained with the patient in supine positio
Anatomical structures~prostate, bladder, urethra, rectum
etc.! and dwell positions are digitized for use at the planni
time ~Fig. 1!. The planning process involves the use of th
information to define dwell time values to produce a clin
cally acceptable dose distribution. The catheters in the p
tate will then be attached to the after-loading unit~Nucletron
MicroSelectron-High Dose Rate Remote Afterloader! for
treatment delivery according to the computed dwell time d
tribution. Our current method calls for a single interstiti
prostate implant with three subsequent Ir192 HDR fractions.

The optimization routine used to determine the dwell tim
distribution minimizes a dedicated objective function~cost
function! that mathematically describes the clinical objecti
~the smaller the cost function, the closer to the clinical o
jective!. A few algorithms have been based on the sa
concept.9,10 In the former, however, the use of a simple
algorithm cannot guarantee that the solution found is optim
and has been tested on simple geometrical volume. In
latter case, computing time needed for optimization stron
limits clinical applications. The fast-simulated annealing
gorithm can be used to overcome these problems.

III. SIMULATED ANNEALING

An optimization technique allowing for wider samplin
and hill climbing to escape from a local minimum is requir
whenever the cost function is mathematically nonlinear a
therefore presents multiple minimums. Simulated annea
~SA!, first introduced by Kirkpatrick11 and other related al-
gorithms~Fast SA, Very Fast SA, or others12,13! are optimi-

FIG. 1. Anatomical contours and dwell positions extracted from CT.
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775 E. Lessard and J. Pouliot: Inverse planning anatomy-based dose optimization 775
zation techniques that can process cost functions with a
trary boundary conditions with the statistical guarantee
finding an optimal solution. Equally important, SA class
gorithms are easily coded compared to other nonlinear o
mization algorithms. A multitude of problems arising fro
very different fields has been solved using SA algorithm.14 In
radiation therapy, this technique can be used to define
parameters of an external beam treatment.12,15This approach
has been successfully adapted to brachytherapy to optim
the dose distribution of up to ten seeds in a cylindrical va
nal vault applicator~20 possible positions!.16 In our previous
work,5,6 we showed that the fast-simulated annealing al
rithm can be used to govern a optimization process to a
matically and rapidly produce plan for prostate perman
implant treatment. The excellent results obtained by this
timization have encouraged us to extend the same conce
after loading HDR prostate treatments.

A. Algorithm runs

The optimization routine for HDR prostate treatmen
start with initial dwell times values uniformly set to 1
Although this choice of dwell time values is purely arbitra
and the algorithm produces a final result independent
starting values, we felt it was reasonable to assign ini
dwell times with realistic values.

Beginning with this initial dwell time distribution at Ste
k ~the current one!, a transition is generated~Stepk11! by
randomly incrementing or decreasing on random cho
dwell times~60.1 s!. At each iteration, the algorithm mus
decide if the new dwell time distribution is accepted to b
come the current one and replace the former distribut
The decision criterion used is based on the cost func
values for the two arrangements:Ek11 and Ek . The prob-
ability P(DE) of accepting the transition depends on t
differenceDE5Ek112Ek . For a transition resulting in a
lower value of the cost function (DEa0), the new distribu-
tion is always accepted as the current one. A change
results in an increase of the cost function, (DEs0), is ac-
cepted with a probability given by

P~DE!5exp@2DE/T~k!#, ~1!

whereT(k) is the pseudo-temperature parameter. Thus fo
given positiveDE, transitions are accepted more easily
higher temperatures, which permit the system to escape f
local minimum with a finite probability. The temperature p
rameterT(k) is reduced at each Stepk until the system no
longer evolves. In the case whereT would be set to zero for
all k, the probability of accepting a transition with a positiv
DE would be zero and the optimization would behave a
regular local search algorithm.

B. Cooling schedule

In the analogy of the simulated annealing schedule typ
of standard SA, the pseudo-temperature is decreased
after a large number of distributions have been tested, as
ing that thermal equilibrium has been reached, at least st
tically. This approach gives consistent results in the searc
Medical Physics, Vol. 28, No. 5, May 2001
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the global minimum. However, as stated in the literatu
standard SA tends to be too slow.14 The fast-simulated an
nealing~FSA! used here differs from SA and can be used
an alternative to standard SA: The temperature param
T(k) used to calculateP(DE) is reduced at every iteration
according to the relation

T~k!5T0 /ka, ~2!

wherek is the iteration number,T0 the initial temperature,
anda the speed parameter. The initial pseudo-temperatur
set proportional to the meanDE values of 500 random tran
sitions E(k) to E(k11). The speed parameter was empi
cally set to 0.6 to optimize the results on five prostates fr
clinical cases while preserving a reasonable time for clini
application. The cooling sequence is stopped when a la
number of iterations~5000! have been performed withou
any change in the cost function value.

C. Is simulated annealing really required?

Optimization by means of a local search algorithm can
guarantee that the identified dwell time distribution will b
the best distribution. To demonstrate this fact, we have p
formed three optimization on the same clinical case with
temperature set to zero. SettingT50 in Eq. ~1! effectively
transforms the optimization process into a strictly downh
algorithm. Figure 2 presents the values of these optimiza
at each iterations during the minimization process. The th
curves represent calculations with different initial dwell tim
distributions. We observe three different solutions; the c
culation stopped at a sub-optimal solution because no di
bution with a lower cost function could be found nearby t
current one. Clearly, the algorithm was trapped in a lo
minimum. Even though a local search algorithm may find
satisfactory clinical solution most of the time, it cannot i
sure that the optimization will not result on a sub-optim
solution for a specific case~prostate shape, catheter positio
clinical constraint!.

FIG. 2. Result of optimization by means of a local search algorithm: T
three curves differ only by their initial dwell time distribution. Energy uni
are arbitrary.
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IV. CONSTRAINTS AND COST FUNCTION

A. Clinical criteria

A cost function is used to translate the clinical criteria in
mathematical form. This cost functionE(k) allows compari-
son of a given dwell time distributionk relative to the next
k11. The clinical criteria used for the optimization are:~A!
The delivery of a minimum prescribed peripheral do
~mPD! on prostate contours;~B! A uniform dose distribution
within the planned target volume, i.e., no hot spot or c
spot;~C! A limited dose to the urethra;~D! A limited dose to
the normal tissues around the prostate.

B. Dose calculation points

The choice of the dose point locations can influence
optimization result. In a recent publication17 it was suggested
that uniformly distributed dose points on the PTV contou
as a representation of the 3D PTV surface could give bia
results, since they do not completely cover the whole PT
Another report18 concluded that an improper selection of
limited number of dose optimization points for the derivati
of optimized dose distribution of HDR vaginal cylinde
could affect the dose distributions. In our case, several h
dred dose points are uniformly generated on the conto
extremities, and inside the target volume and organ at r
~criteria A, B, and C!. Also, the cost function considers dos
points uniformly distributed outside the target volume to i
pose criteria D~Fig. 3!.

C. Dose calculation and cost function

Knowing the dose calculation point and the dwell positi
coordinates, the dose-rate contribution from a dwell posit
j to a given dose calculation pointi, is given by the following
equation according to TG43:19

di j 5SkLFan~u,r i j !g~r i j !/r i j
2 , ~3!

whereSk is the air kerma strength,L the dose-rate constan
Fan(u,r i j ) the anisotropy function,g(r i j ) the radial dose
function, andr i j the distance between the dwell positionj
and the dose calculation pointi. High dose contribution from
dwell position very close to dose points is avoided by ign
ing this dose point whenr i j is smaller than an adjustabl
cutoff value~default value is 2 mm!.

From the dose-rate matrixdi j obtained by Eq.~3!, the
calculation of the dose distributionDi is given by the sum of
the dose-rate contribution from all dwell positionsj with a
respective dwell timet j :

Di5(
j

di j t j . ~4!

The degree of fulfilment of each clinical criterion is me
sured by the use of dose potentials. These dose poten
convert the dose distribution obtained by Eq.~4! to a penalty
valuewi . This conversion is defined by the relation:
Medical Physics, Vol. 28, No. 5, May 2001
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wi5H mL~Di2L ! if Di,L

mR~Di2R! if Di.R

0 if L<Di<R,

, ~5!

where the parametersmL , mR , L, andR are the characteris
tic of the selected dose potentials~Fig. 4!. Each clinical cri-
terion is controlled by its own potential active on its respe
tive dose calculation points. Examples of potential chosen
fulfill the physician’s prescription are shown in Fig. 5.

Finally, the sum of the penalty valueswi over m dose
points is performed to obtain the global penaltyEn of a given
clinical criterionn:

En5(
i

m
wi

m
. ~6!

FIG. 3. Dose points.~A! Prostate and urethra contours.~B! Uniformity dose
points.~C! External dose points.
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The cost functionE(k) of the dwell time distribution of it-
erationk is given by the sum of all terms representing t
clinical criteria:

E~k!5 (
n51

4

En~k!. ~7!

This energy value is used to compare a given dwell ti
distribution k relative to the nextk11. The closer to the
clinical objective and to the physician’s prescription, t
smaller the energy and the cost function. Agreement with
physician’s prescription and the importance of a clinical c
terion over the other is adjusted using the parameters of
dose potentials. Thus the most sensitive part of the algori
is the choice these parameters.

D. Automatic activation of source dwel positions

The final dose distribution obtained with convention
dose optimization algorithms strongly depends on the ap
priate selection of source dwell positions. The manual se
tion of dwell positions~200 positions on average! with a trial
and error strategy can be time-consuming.20 Furthermore, the

FIG. 4. Dose potential defined by the Eq.~5!.
Medical Physics, Vol. 28, No. 5, May 2001
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effectiveness of the manual method strongly depends on
dosimetrist experience. In our case, the rapidly falling do
constraint in normal tissues surrounding the prostate and
limited dose constraint on the urethra automatically switc
off the undesirable dwell positions~dwell time50!. Further-
more, to reduce the CPU time, dwell positions outside o
margin around the prostate are automatically excluded fr
the research space prior to starting the optimization. To
timize, the algorithm needs only prostate and urethra c
tours points, catheter dwell positions, and the physicia
prescription described by the dose potentials.

V. RESULTS

To illustrate the flexibility of the IPSA algorithm, severa
plannings from the same clinical prostate case~23 cc! were
obtained using different dose potential parameters. The c
eters were peripherally distributed like every implant p
formed at ours center. The resulting isodose distributions
a given plane and DVH are presented in Figs. 6 and 7,
spectively.

In Fig. 6~A, B, C!, the small darker area shown in th
middle represents the urethra and the numbers show
dwell time and catheter numbers. The third isodose fr
outside corresponds to the prescribed dose of the 100%
dose~6 Gy!. Other isodoses are 1 Gy apart.

The first isodose distribution@Fig. 6~A!# is the result ob-
tained with the dose potential presented in Fig. 5 used
fulfill the clinical criteria. One can clearly see that the is
dose resulting from the IPSA optimization is conformal. Th
is the result of the prostate contour-dose potential in the c
function. Also, a fast fall off of the high doses inside th
target volume could be observed on the prostate DVH@Fig.
7~A!#, due to the uniformity-dose potential.

Results are presented in Figs. 6~B! and 6~C! for two other
sets of parameters. For case B, the maximum inside-dos
re-
FIG. 5. Potentials chosen to respect the physician’s p
scription. Prostate contour—dose potential.~A!
Uniformity—dose potential.~B! Urethra—dose poten-
tial. ~C! External—dose potential~D!.
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set to 750 cGy rather than 800 cGy@as in Fig. 6~A!#. The
resulting dose distribution is cooler inside the prostate
the peripheral margin is reduced@Fig. 6~B!#. However, this
modification results in a faster fall off of the high dose@Fig.
7~A!#. Also, if the maximum dose on the urethra is set to 6
cGy rather than 700 cGy@Fig. 6~A!#, the resulting dose dis
tribution is clearly cooler on the urethra@Fig. 6~C!#. Further-
more, the urethra DVH shows the direct relation between

FIG. 6. Isodose distribution of plane #3 obtained from~A! dose potentials
from Fig. 5, ~B! Harder on uniformity—dose potential,~C! Harder on
urethra—dose potential.
Medical Physics, Vol. 28, No. 5, May 2001
d

0

e

constraints and the results@Fig. 7~B!#. Those examples give a
good idea of the flexibility of the cost function.

A publication on the relationship between hot spots a
complications following HDR21 concludes that dose hetero
geneity appeared to be rather unimportant with regard
complication. Consequently, the importance of the dose u
formity over the urethra protection can be lower. Howev
the choice of the dose potential parameters is a clinical
cision. Consequently, the physicians directly control t
treatment.

The computation time~CPU! for the IPSA dose optimiza-
tion was less than 1 min~41 s for 142 915 iterations! for this
typical case on a Pentium III~700 MHz!. The running time
depends on the quantity of dwell positions and dose poi
For this typical case, 136 dwell positions were activated
of 198 possible dwell positions. A total of 1232 dose poin
were generated for the optimization purpose. The dose po
were distributed as follow: 1099 dose points for the tar
~404 on the contours, 291 inside and 404 outside! and 133
for the urethra~52 on the contours and 81 inside!.

VI. CONCLUSION

We have developed an inverse planning dose optimiza
governed entirely from the anatomy and the physician’s p
scription for the treatment planning of prostate cancer w
high dose-rate brachytherapy. With this inverse planning
proach, the focus is on the physician’s prescription and d
constraints instead on the technical limitations. Con

FIG. 7. Prostate~A! and urethra~B! DVH presented for different dose po
tential sets.
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quently, the physician’s control on the treatment is i
proved. The algorithm can automatically and rapidly gen
ate a treatment plan~dwell time distribution! with reduced
dose to organs at risk and normal tissue while providin
better conformal dose distribution around the target.

We have shown that the fast-simulated annealing a
rithm can be used to govern the optimization process
insures that it is not stopped at a sub-optimal level. Equ
important, this algorithm provides a dose distribution in le
than 1 min of CPU time, allowing fast and practical do
optimization. The optimization is therefore achieved in
short time for clinical applications, insuring that the be
quality of planning is independent of the dosimetrist expe
ence. It will also produce a planning consistent between
tients, providing patients the best planning and allow
comparisons between them.

The achievement of highly conformal dose coverage
the target volume opens the possibility to deliver a hig
dose to the prostate without inducing overdosage of ure
and normal tissues surrounding the prostate. Moreover, u
the same concept, it will be possible to deliver a boost d
to a delimited tumor volume within the prostate. Finally, th
method can be easily extended to other anatomical sites
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