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ORIGINAL ARTICLE
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Abstract

Pareto optimality is a concept that formalises the trade-off between a given set of mutually contradicting objectives. A
solution is said to be Pareto optimal when it is not possible to improve one objective without deteriorating at least one of the
other. A set of Pareto optimal solutions constitute the Pareto front. The Pareto concept applies well to the inverse planning
process, which involves inherently contradictory objectives, high and uniform target dose on one hand, and sparing of
surrounding tissue and nearby organs at risk (OAR) on the other. Due to the specific characteristics of a treatment planning
system (TPS), treatment strategy or delivery technique, Pareto fronts for a given case are likely to differ. The aim of this
study was to investigate the feasibility of using Pareto fronts as a comparative tool for TPSs, treatment strategies and
delivery techniques.

In order to sample Pareto fronts, multiple treatment plans with varying target conformity and dose sparing of OAR were
created for a number of prostate and head & neck IMRT cases. The DVHs of each plan were evaluated with respect to target
coverage and dose to relevant OAR.

Pareto fronts were successfully created for all studied cases. The results did indeed follow the definition of the Pareto
concept, i.e. dose sparing of the OAR could not be improved without target coverage being impaired or vice versa.
Furthermore, various treatment techniques resulted in distinguished and well separated Pareto fronts.

Pareto fronts may be used to evaluate a number of parameters within radiotherapy. Examples are TPS optimization
algorithms, the variation between accelerators or delivery techniques and the degradation of a plan during the treatment
planning process. The issue of designing a model for unbiased comparison of parameters with such large inherent
discrepancies, e.g. different TPSs, is problematic and should be carefully considered.

The Italian economist Vilfredo Pareto introduced The basis for inverse treatment planning is the so

the mathematical concept of Pareto oprimality, a
concept that formalises the trade-off between a given
set of mutually contradicting objectives [1,2]. For a
given optimisation problem, an endless number of
solutions may exist. Some, however, are mathema-
tically more favourable than others. A solution is said
to be Pareto optimal when it is not possible to improve
one objective without deteriorating at least one of
the other. A Pareto front is constituted by the Pareto
optimal solutions (Figure 1). The Pareto concept
applies well to the inverse planning process, which
involves inherently contradictory objectives, high
and uniform target dose on one hand, and sparing
of surrounding tissue and nearby OAR on the other.

called Dose Volume Objectives (DVOs), i.e. the
prescribed dose to target structures and dose limita-
tions for OAR. By assigning weight-factors to the
DVOs, the intensity profiles are determined in a
computerized iterative optimization process. The
goal of the optimization is to achieve a dose
distribution as similar to, or better than, the
specified dose distribution as possible. The deviation
is quantified through an objective function [3]. The
resulting compromise between the mutually contra-
dicting objectives often leads to a clinically non
acceptable result. Thus, it is often necessary to run
several optimizations with different parameters in
order to reach an acceptable compromise [4]. Even
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Figure 1. A schematic sketch, illustrating the Pareto concept. For
two mutually contradicting objectives, A and B, an endless
number of solutions exist. The solutions where one of the
objectives can not be improved without detoriating the other are
Pareto optimal. All Pareto optimal solutions lie on the Pareto front
(represented by the solid line) and are dominating the non-Pareto
optimal solutions.

though a plan has been approved for treatment there
is no guarantee that it is the best plan since the
number of possible combinations of parameters is
virtually endless. A previous study by Thieke et al.
has demonstrated the usefulness of creating a
database of Pareto optimal solutions for interactive
treatment plan selection on a case to case basis [5]. A
novel idea, introduced in this study, is to sample a
number of Pareto fronts by varying a single para-
meter, for example beam energy, sets of gantry
angles or delivery technique, while keeping all other
parameters constant. Due to the specific character-
istics of the varied parameter, the fronts are likely to
differ from each other. Comparative treatment
planning has hitherto often been rather inconclusive.
For instance, when comparing different IMRT
delivery techniques (e.g. step&shoot os. sliding
window); it may have been found that one of the
techniques is capable of better target coverage, while
the other is better at sparing risk organs. This is
obviously not the whole picture but leaves room for a
subjective interpretation of the weighting factors
involved in the multi-criteria optimisation process.
By sampling the entire Pareto front for a case,
however, it may be possible to a make a much
more just and comprehensive comparison of the two
systems. In this paper we intend to show that this is a
feasible approach by using a few examples and that
only a few clinical plans and cases are needed for this
purpose. A recent study by Craft and Bortfeld [14]
concludes that N+1 plans (where N is the number
of objectives) are sufficient to sample the Pareto
front. Comparison of the sampled Pareto fronts,
rather than individual treatment plans, may then be
used as an evaluative tool for TPSs, treatment

strategies (beam energy, gantry angles etc) or
delivery techniques (IMRT, Intensity Modulated
Arc Therapy, TomoTherapy etc) as a whole, where
the most favourable Pareto front will represent the
most advantageous of the techniques, strategies or
TPSs investigated.

The aim of this study was to investigate the
feasibility of using Pareto fronts as a comparative
tool for TPSs, treatment strategies and delivery
techniques.

Material and method

In this study Varian Eclipse 8.0 (Varian Medical
Systems, Inc., Palo Alto, CA, USA) modelling a
Varian 2300 IX (Varian Medical Systems, Inc., Palo
Alto, CA, USA) was used for inverse planning. Two
different types of cases were investigated; prostate
and head & neck. All cases included were previously
diagnosed and selected for IMRT treatment. Thus
parameters such as contouring, beam energy, num-
ber of beams and gantry angles had already been set
and could confidently be used as a basis for inverse
planning. The prostate cases were planned using a
five-field technique for a number of different gantry
angle sets and beam energies (Table I). The pre-
scribed dose to the PTV was 78 Gy in 2 Gy
fractions. Structures considered during the optimi-
zation process were the PTV and rectum. The head
& neck cases were planned using a seven equidistant-
field technique. The dose prescription was 68 Gy in
2 Gy fractions to the PTV. Structures considered
during the optimization were the PTV, the ipsilateral
parotid gland, the spinal cord and the medulla
oblongata. Pareto fronts were created by adjusting
the DVOs of an initial, clinical acceptable, plan,
while keeping all other parameters constant.

Pareto fronts based on (i) optimal fluence as well
as the deliverable fluence using dynamic IMRT,
henceforth denoted as actual fluence, for a number of
head & neck cases and on (ii) actual fluence for a
number of prostate cases were produced. For the
prostate cases various photon beam energies
and gantry angle sets were investigated separately
(Table I). Initially a clinically acceptable plan was
generated using an in-house site specific template as

Table I. Photon beam energies and gantry angle sets studied for
the prostate cases.

Set Photon beam energy (MV) Gantry angles (%)

A 15 0, 45, 115, 285, 315
B 15 45, 115, 180, 285, 315
C 15 36, 103, 180, 257, 324
D 6 0, 45, 115, 285, 315
E 6 45, 115, 180, 285, 315




a basis. Additional plans were created by system-
atically varying the lower DVO for the PTV between
90 and 100% of the prescribed dose. Thus the target
coverage was compromised whilst decreasing the
rectal dose. The optimization process was limited to
150 iterations, but manually halted when no further
improvement in objective function was achieved. In
order to accomplish more clinically relevant results,
the Normal Tissue Objective was utilized during the
optimization. The Normal Tissue Objective is used
for the part of the body which does not include the
target. It considers the decrease in dose level as
the distance from the target is increased, limits the
dose level and prevents hot spots in healthy tissue.
The conversion from optimal to segmented fluence
is performed by the Leaf Motion Calculation (LMC)
module, which incorporates the physical character-
istics of the dynamic MLC device. The LMC
determines the dynamic MLC leaf motion patterns
and their corresponding segmented fluencies in an
iterative calculation in which the segmented fluence
is determined from the dynamic MLC sequence
until maximum agreement between the segmented
and optimal fluence is achieved. The actual fluence
is obtained via a complete dose calculation based on
the segmented fluence. The sliding window modality
was used for the dynamic MLC segmentation and
dose calculation was performed using the pencil
beam dose calculation algorithm.

Data analysis

The selection of endpoints is a vital task; all end-
points chosen must be clinically relevant and clearly
defined. For this feasibility study the endpoints were
chosen based on clinically accepted recommenda-
tions and findings of previous studies [6-11].

The endpoints of interest for this study were

i. the relative underdosed volume of the PTYV,
defined as the relative volume of the PTV
receiving less than 95% of the prescribed dose,

ii. the relative rectum volume exceeding 70 Gy for
the prostate plans and

iii. the ipsilateral parotid gland mean dose for the
head and neck plans.

All of the above mentioned endpoints were obtained
from the DVH-data using an in-house-written Ma-
tlab script. Since no built-in method for extracting
DVH-data points, without performing segmentation
and a complete dose calculation exists in Eclipse 8.0
the DVH of the optimal fluence was exported from
the TPS as a bitmap file and imported into Matlab
R2006a as a matrix. Pareto fronts were created
based on the aforementioned endpoints.
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Results

Pareto fronts were successfully sampled for all cases
(Figures 2 and 3). The results clearly demonstrate
that the sampled Pareto fronts follow the definition
of the Pareto concept, i.e. no solution simulta-
neously improving, or detoriating, both parameters
was found (Figures 2 and 3).

The usage of Pareto fronts as an evaluative tool is
shown when two Pareto fronts of a case are
compared. The results of the prostate cases show
that 15 MV is superior to 6 MV, but that no
significant differences can be observed for intra
beam energy gantry angle sets (Figure 2) for the
studied cases. The head and neck case showed a
significant reduction of plan quality when proceed-
ing from optimal fluence to actual fluence (Figure 3).

Discussion

The aim of this feasibility study was not to conclude
which set of gantry angle sets or which beam energy
that is most favourable for a specific prostate case or
to calculate the exact plan degradation when pro-
ceeding from optimal to actual fluence for a head
and neck case, but to show that it is possible to use
Pareto fronts as an evaluative tool for treatment
strategies or delivery techniques as a whole.

The examples chosen are just examples; many
questions of interest can be resolved using Pareto
front evaluation provided that representative and
clinically relevant endpoints can be formulated. The
gantry angle sets and beam energy for IMRT
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Figure 2. Relative rectal volume exceeding 70 Gy plotted
versus the relative volume of the PTV for five different settings
(see Table I) generated by Varian Eclipse 8.0. The data points
representing the Pareto front follows the definition of the Pareto
concept i.e. one of the parameters can not be improved without
the other one being detoriated. No significant differences are
observed for sets of the same beam energy (A-C and D,E), while
15 MV (A-C) clearly is superior to 6 MV (D,E).
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Figure 3. Parotid gland mean dose plotted versus underdosed
volume of PTV for a head and neck cases, based on optimal and
actual fluence generated by Varian Eclipse 8.0. The data points
representing the Pareto front follows the definition of the Pareto
concept i.e. one of the parameters can not be improved without
the other one being detoriated. The results clearly show that the
quality of a plan will be reduced when proceeding from optimal to
actual fluence.

prostate treatment were of particular interest since
no convention exists even though the issues have
been investigated in previous studies [12,13]. The
results of this feasibility study clearly demonstrate
that it is feasible to use Pareto fronts as an evaluative
and comparative tool for TPSs and treatment
strategies. Although further investigations are
needed prior to adopting the concept clinically, the
advantages of using Pareto fronts as an evaluative
tool are clear; Pareto front evaluation would be a
very useful tool for clinics in the process of acquiring
a new TPS or delivery technique or when deciding
which treatment strategy or delivery technique to
employ on a case to case basis.

In order to obtain clinically relevant Pareto fronts
the endpoints must be chosen wisely. The issue of
choosing proper endpoints needs to be thoroughly
investigated. An additional issue regarding designing
impartial comparisons for systems of large inherit
discrepancies, e.g. different TPSs and delivery
techniques, needs to be resolved prior to making
such comparisons. Pareto fronts have been success-
fully created using a secondary TPS, Oncentra
MasterPlan v1.5 (Nucletron B.V., Veenendaal, The
Netherlands). As fair comparisons could not be
made at this stage, the Oncentra MasterPlan results
have been omitted. Theoretically, the Pareto front
evaluation concept applies equally well to all inverse
planning based delivery techniques. Our vision for
this concept is to be able to design impartial and
clinically relevant comparisons between TPSs and
for all existing delivery techniques, including IMRT,

TomoTherapy, and Intensity Modulated Arc Ther-
apy etc. A TPS producing numerous Pareto optimal
solutions for IMRT has been developed by Thieke et
al. [5]. ATPS capable of producing multiple Pareto
optimal solutions for a variety of treatment strategies
and delivery techniques would be a very powerful
tool in the treatment planning process.

In this feasibility study a single PTV and OAR
were comprised. Clinically, the optimization process
takes multiple target structures and numerous or-
gans at risk into account. Thus Pareto surfaces,
rather than Pareto fronts needs to be studied. The
study is also limited in the number of treatment
plans produced (four per case). Further probing of
the solution space might prove that better solutions
exist i.e. that the solutions found are just locally
Pareto optimal or even non-Pareto optimal. The aim
of this study was to sample two-dimensional Pareto
fronts and to investigate the feasibility of using the
Pareto fronts as a comparative tool for TPSs,
treatment strategies and delivery techniques. For
this purpose, the number of plans produced was
sufficient in order to sample the Pareto front [14]. In
order to effectively use Pareto fronts as an evaluative
tool an algorithm producing a vast number of Pareto
optimal solutions, by systematically varying all
parameters of interest, needs to be developed.
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