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Abstract

Background and purpose: To compare intensity-modulated treatment plans of patients with head and neck cancer generated by forward
and inverse planning.

Materials and methods: Ten intensity-modulated treatment plans, planned and treated with a step&shoot technique using a forward
planning approach, were retrospectively re-planned with an inverse planning algorithm. For this purpose, two strategies were applied. First,
inverse planning was performed with the same beam directions as forward planning. In addition, nine equidistant, coplanar incidences were
used. The main objective of the optimisation process was the sparing of the parotid glands beside an adequate treatment of the planning target
volume (PTV). Inverse planning was performed both with pencil beam and Monte Carlo dose computation to investigate the influence of
dose computation on the result of the optimisation.

Results: In most cases, both inverse planning strategies managed to improve the treatment plans distinctly due to a better target coverage, a
better sparing of the parotid glands or both. A reduction of the mean dose by 3—11 Gy for at least one of the parotid glands could be achieved
for most of the patients. For three patients, inverse planning allowed to spare a parotid gland that had to be sacrificed by forward planning.
Inverse planning increased the number of segments compared to forward planning by a factor of about 3; from 9—15 to 27—-46. No significant
differences for PTV and parotid glands between both inverse planning approaches were found. Also, the use of Monte Carlo instead of pencil
beam dose computation did not influence the results significantly.

Conclusion: The results demonstrate the potential of inverse planning to improve intensity-modulated treatment plans for head and neck
cases compared to forward planning while retaining clinical utility in terms of treatment time and quality assurance.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Previous comparisons between conventional and inten-
sity-modulated treatment planning have demonstrated the
potential to improve dose distributions with intensity-
modulated radiotherapy (IMRT) for several tumour sites
[21]. IMRT can be delivered in a static mode, where a series
of single fields or segments from each beam direction are
superimposed to achieve a modulation of the intensity [6].
In this paper, we will denote this method as the step&shoot
technique. Two approaches of computerised treatment
planning for step&shoot IMRT are generally applied:
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the first method is an extension of conventional treatment
planning and is in this paper referred to as forward planning.
Its definition of the segment shapes is performed manually
similar to conventional planning. However, more than one
segment is used from each beam direction. Afterwards, the
weights of the segments are optimised using a computer
optimisation algorithm to achieve the desired dose distri-
bution [9,10—12,20]. The second strategy, which we denote
as inverse planning, usually starts with the optimisation of
fluence profiles from each beam direction by minimisation
of an objective function [5,7]. Afterwards, sequencing
transforms each optimised profile into a series of segments,
which can be delivered with a multileaf collimator (MLC).
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Alternatively, sequencing may also be part of the optimis-
ation process [3,23,30].

The clinical implementation of IMRT using forward
planning is relatively easy, because it is closely related to
conventional planning. Issues like quality assurance, time
involved in planning and delivery are a logical extension of
the experience obtained with conformal radiotherapy.
Manual definition of the segments leads to intuitive choices
of the segment shapes based on the beam’s eye view option
of the planning system. Inverse planning is far less related to
conventional radiotherapy because the segment shapes are
not defined manually and the number of segments is usually
considerably larger. However, there are complex clinical
situations, which require the use of many beam directions
and segments. In theses cases, inverse planning may be the
more efficient strategy.

The aim of this work was to investigate if, and to what
degree, improvements of IMRT treatment plans generated
by forward planning can be achieved with an inverse
planning strategy for complex treatments. To this aim, we
compared a clinically applied forward planning procedure
with an inverse planning technique for a set of patients
suffering from head and neck tumours. IMRT for these
tumour sites is considered to be a promising method to
improve local control and/or reduce acute or late toxicity
[25,32]. In particular, the aim of the treatment planning was
to spare the parotid glands to avoid or alleviate xerostomia
without compromising the coverage of the planning target
volume (PTV). This approach is based on considerations
and results of recent publications from the University of
Michigan [13—15] and other institutions [8,28,32—-34].

2. Methods and materials

Ten patients with various types of head and neck cancer
were selected for this planning study (tumour sites: base of
tongue: 7, tumour volume 323-748 cm’, median 530 cm?;
larynx: 3, tumour volume 363-503 cm3, median 424 cm3).
All patients received a CT-scan with a slice distance of
3 mm. Treatment planning and delivery were performed at
the Netherlands Cancer Institute (NKI) between October
2000 and January 2002 with the forward planning approach
described in Section 2.1. All patients were treated with
6 MV photons produced by Elekta SL 15 accelerators. In
two cases, an additional electron boost was delivered to treat
regions in very close proximity to the patient surface.

The PTV of the main phase of the treatment, further
denoted as PTV1, consisted of the primary tumour and the
left and right nodes, with a safety margin to account for
organ motion and set-up variations. Although PTV1
consisted of three separate volumes in some cases, in what
follows, we refer to PTV1 as one composite volume. For
both planning methods, the PTV1 was slightly modified to
keep a minimum distance of 5 mm to the patient surface. In
this way, the build-up region, where it is impossible to meet

the prescribed target coverage and where the dose
calculation is imprecise, was excluded. After the optimis-
ation, the segments produced by the inverse planning
procedure were enlarged to cover the volume of PTV1 close
to the patient surface. The spinal cord and both parotid
glands were considered as organs at risk (OARs).

A dose of 46 Gy was prescribed to the ICRU point at the
centre of the primary tumour for the main phase of the
treatment. Patients were treated 5 times per week with a
total dose of 46 Gy given in 23 fractions. Subsequently, a
boost of typically 24 Gy was delivered with the same
fractionation scheme to PTV2, which consisted of the high
risk volumes of PTV1 and to parts of the neck nodes where
indicated.

The aims of the treatment were to achieve a dose of 90%
of the prescribed dose (46 Gy for the main phase, 24 Gy for
the boost) in at least 99% of the volume of PTV1 and PTV2
and a dose of 95% in at least 97% of PTV1 and PTV2. The
maximum dose was restricted to 107% of the prescribed
dose in each treatment phase. The maximum dose of the
spinal cord was limited to 50 Gy for the composite treatment
plan. Furthermore, the mean dose of either parotid gland
should not exceed 26 Gy for the composite treatment. This
limitation aims at sparing the gland function according to
the findings of Eisbruch et al. [15]. However, not all aims of
the planning could be achieved for each patient due to the
geometry of PTV1, PTV2 and OARs in these patients (see
Section 3.1).

2.1. Forward treatment planning

Forward treatment planning of the main phase was
performed with the 3D treatment planning system U-
MPLAN (University of Michigan [18]), which is used in
clinical routine at the NKI. The first planning stage
consisted of manually specifying 5—-10 beam incidences
for each patient which are suitable to irradiate PTV1
properly while having the potential to spare the OARs.
Segments were manually defined, typically either encom-
passing PTV1 completely or partially, while shielding the
OARs. The total number was limited to 20 segments. U-
MPLAN uses an edge/octree dose computation algorithm
[19,26]. In the next step, an optimisation of the beam
weights was performed for all segments with a module of
the treatment planning system [17]. The cost functions for
the optimisation reflected the aims of the treatment
planning. Their general usage is described in detail
elsewhere [29]. For this study, the aforementioned aims
for PTV1 and a maximum dose of 40 Gy to the spinal cord
were chosen for the main phase. Another aim of this phase
was to restrict the volume of each parotid gland that receives
more than 25 Gy to 60% of the total volume. If a parotid
gland could not be spared, i.e. if this aim could not be
reached, this gland was removed from the optimisation.
After the optimisation, segments with less than 4 monitor
units (MU) were eliminated and the optimisation was
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restarted with the remaining segments. This procedure was
repeated until all segments delivered at least 4 MU.

A similar but less complex method was applied for the
boost phase, where only 2—4 beam incidences were used.
Furthermore, beam weight optimisation was considered to
be unnecessary due to the rather simple design of the
treatment plans of the boost.

2.2. Inverse treatment planning

Inverse treatment planning was performed with the
inverse planning software HYPERION (University of Tiibin-
gen [1,2]. Briefly, HYPERION minimises the probability of
tumour cell survival subject to constraints for the PTVs and
OARSs. The optimisation considers the constraints in a strict
way and not through the use of importance factors.
Violations of the prescription are only accepted for PTV1,
but not for the OARs. In an initial stage of the optimisation,
HYPERION uses a finite-size pencil beam algorithm with
density scaling to produce freely modulated fluence weight
profiles. In a second stage, the shapes and weights of
segments are optimised. Here, the Monte Carlo code XVMC
can be used [16,24] alternatively.

In the beginning of the planning procedure of the main
phase, beam directions and cost functions that reflect the
desired dose distribution were specified. In a first series of
optimisation (1st inverse approach), the same beam
directions as applied for the specific patient during forward
planning were defined. In a second series (2nd inverse
approach), nine equidistant and coplanar beam directions
starting from 0° gantry angle were used.

A class solution for the cost functions was defined (See
Appendix A for details). For PTV1, the aim was to minimise
the probability of tumour cell survival with a Poisson
statistical model. Additionally, a dose variance constraint
was used to control the steepness of the cumulative dose
volume histogram (DVH) of PTV1. An overdose constraint
contributed a penalty to the objective function if the
prescribed dose of 46 Gy was exceeded. A serial constraint
for the spinal cord limited its maximum dose to the same
value as achieved with forward planning. A parallel
constraint was used for either parotid glands to control the
mean dose. The aim for the main phase was to achieve a
mean dose of not more than 20 Gy for each parotid gland.
The parotid constraints used for inverse planning are
somewhat stricter than for forward planning in order to
force better sparing. If this resulted in an unacceptable
coverage of PTV1, the constraints were modified to allow a
higher mean dose. Note that a step like this has to be taken
because otherwise, inverse planning would create less
modulated treatment plans quite like forward planning.
Better parotid sparing will not result from the use of inverse
planning alone unless it is required in the treatment setup.
As before, a parotid gland that could not be spared was
ignored as a dose-limiting organ. An overdose constraint
with a much lower tolerance than for PTV1 was used for

the remaining patient volume to suppress hot spots outside
PTVI.

At first, the fluence profiles were optimised. Sub-
sequently, each profile was transformed into an initial series
of segments. Finally, the shapes and weights of the resulting
segments were re-optimised with the same cost functions as
used for initial fluence optimisation. Additional constraints
were applied to force the optimisation to produce reasonably
shaped segments. The minimum segment size was limited to
4 cmz, the minimum segment width to 1 cm and the
minimum segment weight to 5 MU. A detailed description
of this automated procedure, which did not require user
intervention at intermediate stages, can be found elsewhere
[3.4].

The planning of the boost phase was performed with a
single approach with similar cost functions. In some cases,
the same beam directions as for forward planning were used.
In others, different incidences were specified to be able to
reduce the dose to the parotid glands compared to forward
planning.

For the comparison of the treatment plans, the DVHs
were normalised, so that the mean dose of PTV1 of the
primary tumour was equal to 46 Gy for the main phase and
the mean dose of PTV2 was equal to 24 Gy for the boost.
We analysed the coverage of PTV1 and PTV2, the
maximum dose of the spinal cord and the mean doses of
both parotid glands. We did not consider the maximum dose
of PTV1 and PTV2 in what follows, because they were in
every case similar for all methods.

3. Results
3.1. Main phase

Forward treatment planning of the main phase resulted in
5-10 beams and 9-15 segments. The 1st inverse planning
approach with the same beam directions led to 27-42
segments, while the 2nd with nine equidistant beams
resulted in 24—-46 segments (Table 1).

The aim of having at least 99% of the volume of PTV1 to
receive at least 90% of the prescribed dose was in most
cases fulfilled for all three approaches. Only forward
planning of patient 6 led to significant underdosage. The
criterion of having at least 97% of PTV1 to receive at least
95% of the prescribed dose was mostly not met by any
method (on an average 86.9% of the volume of PTV1 for
forward planning, 95.5% for Ist inverse and 95.4% for 2nd
inverse planning received 95% of the prescribed dose),
although the extent of failure varied significantly (68—97%
for forward planning, 92—98% for 1st inverse and 93—-98%
for 2nd inverse planning). The maximum dose to the spinal
cord was in most cases similar (on an average 40.8 Gy for
forward, 39.4 Gy for 1stinverse and 39.5 Gy for 2nd inverse
planning). Only for patient 4, one of the inverse approaches
exceeded the result of the forward technique. For three
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Table 1
Results of the three treatment planning techniques for the main phase
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Patient

1 2 3 4 5 6 7 8 9 10

%V olume of PTV1 receiving 90% of 46 Gy Forward 100 98 98 99 100 95 100 99 100 98
Ist Inverse 98 99 99 100 99 98 100 99 99 99
2nd Inverse 99 99 99 99 99 98 100 100 99 99
%V olume of PTV1 receiving 95% of 46 Gy Forward 94 83 91 91 92 68 97 85 96 72
Ist Inverse 95 95 96 96 96 92 98 96 96 95

2nd Inverse 95 97 95 93 95 94 98 96 96 95

Maximum dose (Gy) of the spinal cord Forward 40 40 41 41 40 41 41 41 45 38
Ist Inverse 39 39 40 41 38 41 40 39 42 35
2nd Inverse 38 40 41 43 39 41 40 38 41 34
Mean dose (Gy) of the left parotid gland Forward 30 28 - 19 27 23 26 14 25 26
Ist Inverse 19 23 - 20 19 19 18 13 21 21
2nd Inverse 19 24 - 20 20 17 19 15 22 20

Mean dose (Gy) of the right parotid gland Forward 23 - 24 18 24 23 16 15 24 -
1st Inverse 19 - 20 20 19 22 17 12 20 -

2nd Inverse 19 - 19 22 19 20 19 11 21 -
#Beams Forward 6 6 9 5 7 8 6 6 10 7
Ist Inverse 6 6 9 5 7 8 6 6 10 7
2nd Inverse 9 9 9 9 9 9 9 9 9

#Segments Forward 9 10 11 11 11 12 12 12 15 13
1st Inverse 38 37 30 27 28 29 33 39 42 41
2nd Inverse 35 32 27 24 30 46 30 31 33 39

‘Forward’ displays the results of the clinically applied forward planning technique, ‘Ist Inverse’ of the inverse planning technique with the same beam
directions and ‘2nd Inverse’ of the inverse planning technique with nine equidistant beams. The entries for three parotid glands which had to be sacrificed by all
techniques are marked by —. The forward and 1st inverse plans used the same beam directions, while the 2nd inverse plan consisted of nine equispaced coplanar

beams.

patients, none of the methods managed to spare both parotid
glands (patients 2, 3 and 10). Most of the time, both inverse
planning methods resulted in 3—11 Gy lower doses to at
least one of the parotid glands. Only for patients 4 and 7, the
mean dose of the right parotid gland was somewhat higher
with the 2nd inverse approach compared to that of the
forward planning. Both inverse planning approaches led to
similar results in terms of coverage of PTV1 and sparing of
OARs. The results for the three approaches are summarised
in Table 1 for all 10 patients. As a typical example, the
results of forward and Ist inverse planning of patient 5 for
PTV1 of the primary tumour and the parotid glands are
illustrated in a cumulative DVH in Fig. 1.

3.2. Boost phase

Forward treatment planning of the boost phase resulted
in 2—4 beams and 2—5 segments. Inverse planning applied
3—4 directions and resulted in 8-26 segments. The
complexity of inverse planning significantly increased if it
was possible to spare an additional parotid gland (Table 2).
For instance, the number of segments increased from 4 to 26
for patient 5. Inverse planning was not performed for
patients 9 and 10, who received a boost treatment with
electrons. The differences with respect to coverage of PTV2
were small and no method was systematically better than
another. The maximum dose of the spinal cord was similar
or lower for the inverse planning approach. We achieved

significantly lower mean doses for one of the parotid glands
for patients 1, 5 and 7 with inverse planning, while the
results were similar in the other cases.

3.3. Composite treatment

Since the results for PTV1 and PTV2 were already
sufficiently analysed in the previous sections, this section
is focussed on the total mean dose of the parotid glands.
For the sake of simplicity, we consider only the forward
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Fig. 1. Cumulative DVH of PTV1 of the primary tumour and the parotid
glands of forward and 1st inverse plan of patient 5.
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Table 2
Results of forward and inverse planning of the boost phase

Patient
1 2 3 4 5 6 7 8
%V olume of PTV2 receiving 90% of 24 Gy Forward 100 100 93 100 100 100 99 91
Inverse 98 99 97 99 99 100 99 100
9%V olume of PTV2 receiving 95% of 24 Gy Forward 98 97 90 95 98 100 97 89
Inverse 96 95 94 96 95 99 97 98
Maximum dose (Gy) of the spinal cord Forward 10 9 7 7 12 10 10 4
Inverse 8 9 6 5 11 10 7 4
Mean dose (Gy) of the left parotid gland Forward 14 1 - 2 10 3 13 2
Inverse 7 0 - 1 4 0 8 0
Mean dose (Gy) of the right parotid gland Forward 0 - 0 2 1 1 2 -
Inverse 0 - 1 1 1 0 1
#Beams Forward 3 3 3 3 4 3 3 2
Inverse 4 3 4 3 4 3 4 4
#Segments Forward 5 4 3 3 4 3 4 2
Inverse 14 12 20 10 26 8 20 18

and the Ist inverse planning approach, where the same
beam directions were used.

For three patients, inverse planning managed to save a
parotid gland, which could not be spared with forward
planning (patients 1, 5 and 7). In three other cases, both
methods had to sacrifice a parotid gland (patients 2, 3, and
10). In the rest of the cases, inverse planning resulted on
average in lower mean doses. In Fig. 2, the mean dose of the
composite treatment of one of the parotid glands of each
patient are illustrated in a histogram for the forward and the
Ist inverse planning approach. For patients 9 and 10, where
the boost was not planned with HYPERION, we used results
of the main phase only. In Fig. 3, the results for the parotid
glands of forward and 1st inverse planning are illustrated in
a different way: the amount of parotid glands given as a
percentage of the total number (9 left and 8 right parotid
glands, as we did not consider the three parotid glands that
were sacrificed by all approaches) that received equal or
more dose than the specified is plotted against the dose. This
plot shows a distinct shift of the mean dose in the parotid
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Fig. 2. Histogram of the results for the mean dose of the parotid glands for
all 10 patients after forward and inverse planning of both treatment phases.
For each patient, the parotid gland with the larger difference between both
methods was chosen for this illustration (see Tables 1 and 2 for details).

glands towards lower values for the inverse compared to the
forward approach.

4. Discussion

The results of our study showed distinctly improved dose
distributions for treatment of head and neck cancer for
inverse planning compared to forward planning. These
improvements either concerned the coverage of PTVI1
(patients 2, 6, 8 and 10) or the sparing of the parotid glands
(patients 1, 5 and 7). On the other hand, inverse planning
increased the number of segments compared to forward
planning distinctly (about the threefold for the main phase)
and thus decreased the average weight of a segment.
However, the treatment time with modern step&shoot
delivery methods is mainly determined by the number of
gantry angles, at least when the number of segments is less
than 30—40. Treatments with step&shoot IMRT with that
many segments are thus not significantly prolonged
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Fig. 3. Frequency of the total number of parotid glands that received equal
to or less dose than the specified dose.
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compared to conventional therapy. Similar to forward
planning, inverse planning limited the minimum weight of
any segment to 5 MU.

In our study, the major aim for the parotid glands was to
achieve a mean dose below 26 Gy as proposed by Eisbruch
et al. [15]. We considered a mean dose of 26 Gy as sufficient
to substantially spare the gland function. However, the
normal tissue complication probability (NTCP) for the
parotid glands published by Eisbruch et al. [15] and another
group [28] are continuous and monotonously increasing
functions of the mean dose with a steep gradient between 20
and 30 Gy. Any significant reduction of the mean dose in
this range may thus be of clinical importance. Therefore, the
benefits of inverse planning with respect to the parotid
glands may not only be relevant for patients 1, 5 and 7, but
also for patients 2, 3, 6, 9 and 10.

The comparison of the 1st and the 2nd inverse planning
strategy did not show distinctly different results. The 1st
approach with on average fewer and manually chosen beam
directions was more efficient with respect to the delivery
time, while the 2nd strategy with nine equally spaced beam
directions was faster and easier to plan. These results
support the hypothesis that IMRT with equidistant, coplanar
beams, as for instance proposed by Stein et al. [31] for
prostate cancer, may not always be optimal for treatment of
head and neck cases. For these tumours, automated beam
direction optimisation seems more promising [27].

The validity of this study could be compromised by the
fact that the two strategies employ different dose compu-
tation algorithms. It is important to distinguish between the
absolute accuracy of a dose computation method, as
compared with measurement, and the influence of inac-
curacies on the results of an optimisation algorithm.
Regarding the former point, recomputing the final dose
distributions with a third algorithm would only highlight
the differences of the respective dose computation methods
without giving any insight into the interaction between dose
computation and optimisation. Regarding the latter point, if
a better dose computation algorithm was used for
optimisation, a different solution would be produced,
which would not need to be better with respect to the
cost function. These sources of error have been termed
‘systematic’ and ‘convergence’ error in a recent publication
by Jeraj et al. [22].

To evaluate the magnitude of the convergence error, the
same dose computation method would have to be used
within the optimisation, which was not possible. However,
the optimisation of segment shapes and weights of the
inverse algorithm can use either pencil beam or Monte Carlo
dose computation. In order to assess the magnitude of the
convergence error, a number of cases were optimised again
using Monte Carlo. Note, that since the inverse approach
employs constrained optimisation, both results will necess-
arily agree in the OAR and PTV constraints. Hence, the
discrepancy between the dose computation algorithms will
only affect the cost function of the PTV.
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Fig. 4. Cumulative DVH of the dose distribution resulting from the inverse
planning of patient 7 with a pencil beam and a Monte Carlo dose calculation
algorithm. Illustrated are PTV1, spinal cord and parotid glands.

As an example, we present a very complex case
(patient 7), see Fig. 4. The resulting weights and shapes of
the segments were slightly different. Note that the segment
shapes can be changed in increments of 2 mm in leaf
direction, so that any difference in field penumbra between
dose computation methods can be easily absorbed in the
segment shapes. The largest differences were found in
regions that do not affect the value of the cost function (e.g.
build-up regions and boundaries of the lung). Although the
DVHs of the parotids differ between the pencil beam and
Monte Carlo results, their cost function value is equivalent.
Compared with pencil beam, a larger volume of the parotids
receives low doses with Monte Carlo dose computation,
which is due to a better model of accelerator head scatter.
Since the parotid dose is constrained by a parallel model,
which penalizes also low and intermediate doses, the
optimisation algorithm has to compensate for this difference
in dose computation. It does so by reducing the volume of
the parotids that receives intermediate doses, because this
incurs a smaller cost in terms of target coverage than
reducing high dose volumes close to the targets. Despite this
redistribution of dose in the parotids, the target dose did not
suffer significant losses.

These findings imply that the final cost function of the
inverse strategy depends weakly on the absolute accuracy
of the dose computation, while the segment shapes and
weights naturally have a greater dependence. It appears
reasonable to assume that these findings could be repeated if
the dose computation of the forward strategy could be used
within the inverse optimisation so that the differences in
dose computation do not bear on the results of this study.

5. Conclusions

A treatment planning comparison of forward and
inverse planning for head and neck cancer was performed
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in 10 patients. In most of these patients, distinctly better
sparing of the parotid glands could be achieved with inverse
planning without compromising the coverage of the PTVs.
This result is in agreement with other publications regarding
forward optimisation strategies for head and neck cancer
[20]. However, it was shown by De Gersem et al. [10,11]
that the dose distribution can be improved further if the
shapes of the segments are adapted during the optimisation,
which in effect raises the degrees of freedom of the setup to
the levels of inverse planning. Accordingly, our results
demonstrate that inverse planning has the potential to
improve dose distributions significantly at the cost of a
higher number of field segments.
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Appendix A
Inverse treatment planning with HYPERION used the

following types of objectives and constraints for the
definition of cost functions

1 n
Poi : — —D;
oisson , i:Zlexp( i)
1 & (D; — Dy \?
Overdose : - Z ('70) OD;, — Dy =1
n = 1
1 & (D, —D\?
Variance : — ('7) =1
n s I
1 & (D¢
Serial : - (—’) =1
n = 1
1 & I
Parallel : — — = = 1
= 1+ (&)
D,

where 7 is the number of voxels per structure, D; the dose
in voxel i, D the mean dose, @(x) the step function and D,
I and k are user-defined parameters. The settings for the
main phase were as follows. For PTVI1, a Poisson
objective, an overdose constraint with Dy = 46 Gy and [ =
1 Gy, and a variance constraint with / = 1.5 Gy was used.
A serial constraint with k= 15 and [ = 30-40 Gy (for
most patients / = 33 Gy) was applied for the spinal cord. A
parallel constraint with k=1 and Dy = 16-20 Gy was

used for the parotid glands. A lower value for D, was
applied for the simpler cases, a higher value for difficult
cases. Finally, an overdose constraint with Dy = 46 Gy and
I =0.1 Gy was used for the remaining volume of the
patient excluding PTV1 and OARs. A similar, but down-
scaled scheme was used for the boost phase.
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