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Abstract
Purpose: Non-small cell lung cancer is typically irradiatedwith 60-66Gy in 2-Gy fractions. Local control
could be improved by increasing dose to the more radiation-resistant areas (eg, based on the standardized
uptake values of a pretreatment [18F]fluoro-deoxyglucose positron emission tomography scan). Such dose
painting approaches, however, are poorly suited for a conventional planning target volume margin
expansion; therefore, typically no margins are used. This study investigates dose deterioration of a dose
painting by numbers (DPBN) approach resulting from geometrical uncertainties.
Methods and materials: For 9 DPBN plans of stage II/III non-small cell lung cancer patients, the boost
dose was escalated up to 130 Gy (in 33 fractions) or until a dose-limiting constraint was reached. Then,
using Monte Carlo methods, a probabilistic evaluation of dose endpoints for 99%, 98%, and 2% of gross
tumor volume at a 90% confidence level was performed considering 8 different combinations of
systematic (∑) and random (σ) geometric error distributions.
Results: Important underdosages, because of geometric uncertainties, of up to 38 Gywith minimal image
guidance occur, reducing to 8Gywith the highest level of image guidance, for a patientwhere amaximum
dose of 119Gy could be achieved. The evaluation showed that systematic errors had the largest influence.
The effects of the uncertainties are most evident where the dose or its gradient is high.
Supplementary material for this article (http://dx.doi.org/10.1016/j.prro.2015.01.001) can be found at www.practicalradonc.org.
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Conclusions: Probabilistic evaluation showed that the geometric uncertainties have a large effect and
should be evaluated before approving DPBN plans.
© 2015 American Society for Radiation Oncology. Published by Elsevier Inc. All rights reserved.
Introduction

Several preclinical and clinical studies have shown that
tumor control probability depends on biological properties of
the tumor-such as hypoxia, proliferation, andmetabolism.1-5

Therefore, it seems reasonable to include the tumor
biological information of an individual patient in the
treatment planning process.6 For example, it has been
shown that tumor relapse often occursmostly in areas of high
metabolism imaged with [18F]fluoro-deoxyglucose (FDG)
positron emission tomography (PET).1,6-10 Treatment strat-
egies aimed at prescribing dose based on the biological
information provided by functional imaging are known as dose
painting11 and simulations and clinical investigations have
been published.3,12-15 However, there is no consensus on how
to escalate dose based on additional information provided by
PET imaging.16 Several groups have proposed using a
threshold and escalating the dose to a target subvolume of
high tracer uptake named biological target volume. This
method can be referred to as dose painting by contours
(DPBC).17 Another approach known as dose painting by
numbers (DPBN) is to prescribe dose on avoxel-by-voxel basis
as a function of the local standardized uptake value (SUV).18

The standard clinical procedure to handle geometric
uncertainties is to derive margins based on the standard
deviations of the systematic and random geometrical errors
of the clinical target volume (CTV).19 Several recipes exist
for expanding the CTV to the planning treatment volume
(PTV) using measured or assumed uncertainty values.20-23

For nonuniform dose prescriptions, as in DPBN, margins
are not a proper tool to ensure target coverage; the prescription
in principle has a different value on each voxel of the CTV or
of the gross tumor volume (GTV), and the concept of margin
cannot be applied.24 Simply proceeding without margins
ignores the unavoidable presence of geometric uncertainties.
A possible solution is to apply probabilistic planning for
treatment plan optimization25-29 and probabilistic evaluation
for evaluation of target coverage.30 With this approach,
uncertainties are incorporated directly during planning or
evaluation, simulating the effect of dose to the target.

The aim of this work is to investigate the robustness
of typical DPBN plans for geometrical uncertainties using
probabilistic evaluation.
Methods and materials

Study cases

Nine stage II and III non-small cell lung cancer
(NSCLC) patients with local lymph node involvement,
who were part of a group previously investigated in
another work,24 were included. In that work, DPBN and
DPBC plans were compared. The DPBN plans were used
for this work: for all patients, conventional 3-dimensional
PET and coregistered 4-dimensional computed tomo-
graphy (1 mm × 1 mm × 3 mm pixel size) scans were
available (Philips Gemini PET-CT scanner, Philips
Medical Systems BV, Best, The Netherlands). The SUV
in the GTV was at least 4. The GTV delineation was
performed on the mid-ventilation computed tomography
scan with a slice thickness of 2 mm. Treatment planning
was performed on a research version of the Philips
Pinnacle3 treatment planning system (version 9.100,
Philips Radiation Oncology Systems, Fitchburg, WI).
The dose calculation engine implemented in the treatment
planning system is a collapsed cone convolution superpo-
sition algorithm, in particular its “adaptive convolve”
version, which was proven reliable in this body region and
for this type of applications.31

Organs at risk

The organs at risk delineated and considered for this
study included lungs, spinal cord, brachial plexus,
esophagus, trachea, bronchial tree, heart, and the separate
large vessels within the mediastinum. For the spinal cord,
brachial plexus and the combined mediastinal structures
(heart, vessels, trachea, and main bronchi), planning at risk
volumes (PRV) also were created using a 5-mm expansion.
The dose-limiting structures used in the following section
and the maximum accepted values were as follows.

1. Mean lung dose: less than 20 Gy.
2. Lung volume receiving 20 Gy or more: less than 35%.
3. Oesophagus volume receiving35Gyormore: less than65%.
4. Mean heart dose: less than 46 Gy.
5. Maximum dose to PRV spinal cord: less than 50 Gy.
6. Maximum dose to PRV brachial plexus: less than 66 Gy.
7. Maximum dose to PRV large vessels, heart, trachea,

and main bronchi: less than 76 Gy.
DPBN

With DPBN, the entire GTV of the primary tumor
is considered the boost region. Our DPBN strategy aims
for a linear relationship between the prescription dose to
a voxel and the underlying SUV (Eq. (1)).18 DPBN plans
were prepared (with no separation between baseline plan
and boost) to be delivered in 33 fractions for each patient.
They were generated using direct machine parameter



Table 1 Max dose, mean dose, target volumes and
locations, maximum SUV values, and structures that limited
dose escalation in the DPBN plans

Patient
number

Max
dose
(Gy)

Mean
dose
(Gy)

GTV
(cm3)

Location
primary
tumor

SUVmax Dose
limiting
structure

1 86 77 119 LUL 6.7 Aorta
2 84 76 33 LUL 10.2 LAP
3 130 97 27 RLL 5.6 -
4 130 104 30 LUL 9.3 -
5 120 97 572 RUL 17.3 Lungs
6 130 89 61 RLL 8.3 BT +

aorta
7 130 113 180 RLL 6.6 -
8 86 77 25 RML 6.5 RPA
9 119 92 96 LUL 14.7 LAP

BT, bronchial tree; DPBN, dose painting by numbers; Gy, Gray; LAP,
left pulmonary artery; LUL, left upper lobe;max,maximum;RLL, right
lower lobe; RML, right middle lobe; RPA, right pulmonary artery; RUL,
right upper lobe; SUV, standardized uptake value.
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optimization,32 with a dose grid covering the entire chest
with a resolution of 2 mm. A research plugin was used with a
single threshold model for calculation of the prescribed dose
based on SUV on voxel-by-voxel basis:

Di ¼
n
Dmin;
Dmin

þ Dmax−Dmin

SUV high−SUV low
SUV i−SUV lowð Þ;

SUVi≤SUV low

SUV lowbSUV i≤SUV high

ð1Þ

where Dmin, Dmax, and Di are the minimum and maximum
prescribed doses and prescribed dose in voxel i, respectively,
and SUVlow, SUVhigh, and SUVi are the lower and upper
SUV thresholds and SUV in voxel i, respectively. For
SUVlow and SUVhigh in this work, the minimum and
maximum SUV within the GTV were taken. The baseline
dose (Dmin) was 66 Gy in 2-Gy fractions. The boost dose
(Dmax) was increased up to a maximum value of 130 Gy or
until 1 of the dose-limiting constraints reported in the Organs
at risk section was reached. The optimization process was
aimed at minimizing a cost function proportional to sum
of the normalized quadratic differences on a voxel basis
between the locally prescribed dose and the calculated
dose within the target. Eleven 6-MV equidistant beams were
used for each patient, with no beams entering through the
contralateral lung. The direct machine parameter optimiza-
tion plans used a multileaf collimator with 4-mm leaf width,
with maximum number of segments set to 60, minimum
segment area to 2 cm2, and minimum number of monitor
units per segment to 2.

The optimizations were performed using combinations
of minimum dose and maximum dose research objectives
on the GTVs (both the primary tumor and the lymph
nodes) incorporating DPBN. Dose escalation was halted
when more than 15% of the voxels inside the GTV had
a dose lower than 95% of the prescribed voxel dose
(ie, when dose-limiting organs excessively restricted the
dose to the target). A summary of patient, dose, and target
statistics is shown in Table 1.

Accounting for geometric uncertainties

Systematic errors (∑) correspond to the difference
between the planning geometry and the average geometry
over all treatment fractions. In our study, the systematic
errors included a systematic component of setup uncer-
tainty and a baseline shift. The random errors (σ) are the
differences between the average treatment geometry and
the day-to-day geometries: they refer to errors arising from
the positioning of the patient for each fraction, daily
baseline shifts, and breathing.

In this work, we simulated different ∑ and σ values; in
particular the following combinationswere used (inmillimeters):
(∑,σ) = (0,0); (5,2); (4,2); (3,4); (3,3); (3,2); (2,3); (2,2); (1,2).

These values represent a range from no image guidance
at all to daily image guidance.33

To be able to draw general conclusions and limit the
possible combinations, we decided to simulate only error
distributions that are isotropic in left-right, anteroposterior,
and superoinferior directions. This standard conservative
approach, based on equivalence with the original van Herk
recipe (where the margin expansion is 2.5∑ + 0.7σ, with∑
systematic errors and σ random errors21), does not link our
work to any specific interpretation of the still-unsolved
problem of respiratory induced asymmetries.34

Dose reporting: Probabilistic evaluation

To summarize the quality of the plan in terms of
deviation from the planned dose, we used the concept of
ΔVH, defined as the volume histogram of the difference
between the 3-dimensional planned and prescribed dose
distributions.30 In a ΔVH, the voxels of a region are
binned based not on the value of the dose delivered in that
voxel, as in a dose-volume histogram, but on the difference
between the dose delivered and the dose prescribed.

Endpoints were calculated using Monte Carlo sampling
methods implemented in a standalone software tool,
“planJury,” developed in-house. For each pair (∑,σ) reported
in the Accounting for geometric uncertainties section, the
software performs the following steps:
1. 10,000 values are randomly picked from the Gaussian
distribution of displacements with standard deviation∑.

2. A number of values corresponding to the number of
treatment fractions (in this case, 33) is similarly picked
from the Gaussian distribution of displacements with
standard deviation σ to simulate random errors.



Table 2 ΔVH values at 99% of GTV volume (Δ99) for 7 combinations of systematic and random errors (∑,σ)

∑
(mm)

σ
(mm)

Δ99
(Gy)

Δ99
(∑,σ)-

∑
(mm)

σ
(mm)

Δ99
(Gy)

Δ99
(∑,σ)-

∑
(mm)

σ
(mm)

Δ99
(Gy)

Δ99
(∑,σ)-

Δ99
(0,0)
(Gy)

Δ99
(0,0)
(Gy)

Δ99
(0,0)
(Gy)

Patient 1 0 0 −10.49 Patient 4 0 0 −6.33 Patient 7 0 0 −12.80
5 2 −12.19 −1.70 5 2 −41.82 −35.49 5 2 −35.85 −23.05
4 2 −11.80 −1.31 4 2 −35.77 −29.44 4 2 −31.75 −18.95
3 4 −11.42 −0.93 3 4 −28.92 −22.59 3 4 −26.60 −13.80
3 3 −11.04 −0.55 3 3 −21.39 −15.06 3 3 −21.23 −8.43
3 2 −11.40 −0.91 3 2 −30.59 −24.26 3 2 −27.39 −14.59
2 3 −11.40 −0.91 2 3 −29.53 −23.20 2 3 −26.85 −14.05
2 2 −11.02 −0.53 2 2 −28.93 −22.60 2 2 −21.95 −9.15
1 2 −10.71 −0.22 1 2 −13.87 −7.54 1 2 −16.37 −3.57

Patient 2 0 0 −6.73 Patient 5 0 0 −17.74 Patient 8 0 0 −8.91
5 2 −10.40 −3.67 5 2 −31.10 −13.36 5 2 −13.31 −4.40
4 2 −9.24 −2.51 4 2 −27.34 −9.60 4 2 −12.40 −3.49
3 4 −8.40 −1.67 3 4 −23.80 −6.06 3 4 −11.21 −2.30
3 3 −7.72 −0.99 3 3 −20.87 −3.13 3 3 −10.03 −1.12
3 2 −8.51 −1.78 3 2 −24.04 −6.30 3 2 −10.82 −1.91
2 3 −8.40 −1.67 2 3 −23.85 −6.11 2 3 −10.98 −2.07
2 2 −7.72 −0.99 2 2 −21.04 −3.30 2 2 −10.34 −1.43
1 2 −7.17 −0.44 1 2 −18.99 −1.25 1 2 −9.73 −0.82

Patient 3 0 0 −5.36 Patient 6 0 0 −30.80 Patient 9 0 0 −17.54
5 2 −43.19 −37.83 5 2 −60.90 −30.10 5 2 −33.88 −16.34
4 2 −36.75 −31.39 4 2 −55.74 −24.94 4 2 −30.30 −12.76
3 4 −29.34 −23.98 3 4 −49.50 −18.70 3 4 −25.72 −8.18
3 3 −21.02 −15.66 3 3 −42.78 −11.98 3 3 −20.94 −3.40
3 2 −31.98 −26.62 3 2 −49.64 −18.84 3 2 −26.48 −8.94
2 3 −30.34 −24.98 2 3 −49.37 −18.57 2 3 −26.00 −8.46
2 2 −23.11 −17.75 2 2 −42.64 −11.84 2 2 −22.51 −4.97
1 2 −13.24 −7.88 1 2 −36.26 −5.46 1 2 −18.93 −1.39

The first line for each patient, corresponding to the pair (∑,σ) = (0,0), is the discrepancy when no errors are considered; the values here reported
correspond therefore to what published inMeijer et al.24 Differences inΔVH values with respect to the reported (∑,σ) and (0,0) systematic and random
errors at 99% of GTV volumes are also reported. Differences up to 38 Gy can be seen (patient 3, (∑,σ) = (5,2)).
GTV, gross tumor volume; Gy, Gray;ΔVH, volume histogram of the difference between the 3-dimensional planned and prescribed dose distributions.

e378 D. Fontanarosa et al Practical Radiation Oncology: July-August 2015
3. All the random errors (point 2) are added to each of the
systematic errors (point 1).

4. Each of the 10,000 errors, including the systematic and
the random components created at point 3, is applied
to the target, which is then displaced 10,000 times with
respect to the dose grid.

5. For each position in point 4 and for each voxel of the target,
the dose value obtained after the shift is subtracted from the
dose value without the shift (the original prescribed dose).

6. The resulting dose values are plotted as target ΔVHs, 1
for each displacement.

7. The 10,000 ΔVHs are then sorted according to the
value at 99% of the target volume.

8. The best 90% of theΔVHs (those that were able to least
underdose the target) is selected.

9. Of these, the worst ΔVH is selected and reported.
This corresponds to a confidence level of 90%.
If this value does not exceed 5% of the maximum
prescription value at 99% of the volume, a nonuniform
dose distribution is obtained that has similar geometrical
robustness as a conventional margin-based plan with a
uniform dose prescription.30

In our work, we used the ΔVH values at 99% as the
main endpoint (referred to, from this point on, as Δ99) of
the target volume. In practice, this is the loss of dose to
99% of the GTV (at 90% confidence), when uncertainties
are considered in the plan, with respect to the planned dose
without uncertainties.

For completeness, the values at 98% (Δ98) and 2%
(Δ2) of the volume (calculated using a similar approach
as that deribed in the previous paragraph) and the
mean value (Δmean) were also reported. Normalization
to 33 fractions ×2 Gy for an alpha/beta ratio of 10 Gy
was performed.



Figure 1 Difference in ΔVH values (the volume histogram of the difference between the 3-dimensional planned and prescribed dose
distributions) at 99% of gross target volume with (∑,σ) = (5,2) and (∑,σ) = (0,0) as a function of (A) maximum dose and (B) mean dose
achieved with the plan.

Figure 2 Difference between ΔVH (the volume histogram of the difference between the 3-dimensional planned and prescribed dose
distributions) values at 99% of gross target volume with varying (A) systematic and (B) random errors with respect to (∑,σ) = (0,0).
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Finally, to enable visual inspection and aid geometric
interpretation of the results, a plugin was implemented in
the Pinnacle3 treatment planning system, research version,
using fixed (not randomly generated) shifts in space: for
all the patients, a ΔVH was recalculated shifting the dose
volume ±4 mm along the craniocaudal, laterolateral, and
anteroposterior directions; the position of the point of
maximum dose discrepancy after the shifts was also
evaluated. In this work, an assumption (dose cloud
assumption) was made of equivalence between ΔVH
recalculation when dose volume is shifted and when
dose is recomputed after isocenter (IC) shift, based
on results presented in the literature.35 To test the
assumption in very heterogeneous situations, both in
dose and in density distributions, as those presented
here, the same study was performed applying the same
shifts to the IC of the treatment and recomputing dose
after each shift.
Results

In Table 2, Δ99 for the GTV is reported for the
9 patients for the different combinations of geometric
errors reported in the Accounting for geometric uncer-
tainties section. The Δ98 and Δ2 are reported in the
supplementary material. Table 2 also shows that, when
errors are taken into account, a larger difference between
prescribed and actually delivered dose is observed. The
differences between the endpoint values calculated with
the different combinations of (∑, σ) and calculated with
(∑ = 0, σ = 0) are also shown; these values indicate the
impact of geometric uncertainties on the ability to paint
dose on a nonuniform dose prescription distribution.
Differences can be as high as 38 Gy (patient 3,∑ = 5 mm,
σ = 2 mm). They seem to increase, within the limited
statistical data available, with maximum dose (Fig 1A) but
show little correlation with mean dose (Fig 1B). A strong
correlation is evident between systematic errors and
dose difference with respect to the (∑ = 0, σ = 0) case
on Δ99 (Fig 2A), whereas the correlation with random
errors is weak (Fig 2B).

The average values of the Δ99 endpoint values after the
shifts, both applied to the dose distributions and to the
treatment IC (see Dose reporting: Probabilistic evaluation),
for the 9 patients (Supplementary Table 2) are very similar to
the values reported for the probabilistic evaluations of
Table 2 (4-mm systematic error column). After each of these
shifts, the point corresponding to the maximum dose
difference between prescription and calculated dose distri-
bution is always along the highest dose gradient along the
direction of the shift (Supplementary Fig 1).

The evaluation calculation time, with the hardware
available (Philips 810x workstation), was always shorter
than a minute.
Discussion
If a free-breathing PET scan is used for contouring the
target, this could partially account for the breathing part of
random errors. But this work shows that the main
contribution to discrepancies between what is planned
and what is actually delivered is from systematic errors. A
free-breathing PET scan is not sufficient for accurate
planning because it compensates for random uncertainties
by smearing the PET signal corresponding to different
positions of the target in the breathing cycle. This,
however, does not compensate for systematic mismatches
that might happen during patient positioning for imaging
and irradiation.36-38

The discrepancies are in great part from high-dose
regions, corresponding to peak values of the PET scan. In
fact, the shifts create the largest discrepancies where the
dose gradients are steeper, and this typically happens for
high-dose values, with these highly nonuniform dose
prescriptions. Near low-dose areas, instead, because a
baseline value of 66 Gy was set on the CTV, the shifts
produced less variation in the ΔVH. The geometrical
complexity of the target and of the prescription dose
volume among the different patients may allow for
different points of maximum dose difference between
delivered and prescribed distributions for the different
fixed shifts-meaning that shifting the dose distribution
in 1 direction might produce a maximum difference point
different than moving it in another direction, but they
always appear in maximum dose and maximum dose-
gradient areas.

If a 5% of the maximum prescribed dose threshold is
set, meaning that Δ99 must be smaller than 5% of the
maximum prescribed dose, all the patients would fail to
meet this criterion. It is necessary to raise it to 7% to
include the first patient, but with the combination of the
smallest systematic and random errors. To include all the
patients and the combinations, the threshold should be
placed at 46%.

An interesting question arising from this study is
whether DPBN is practically feasible. Other authors in the
literature question this point (eg, Bowen et al39), because
of insufficient advances in absolute quantification of
functional images and improvements in delivery tech-
niques over smaller spatial scales or because of a lack of
knowledge about the relationship between functional
imaging values and the required dose for local control.

Because the largest differences arise at high-dose and
high dose-gradient areas, DPBN is intrinsically sensitive to
geometric uncertainties. Other approaches would probably
be less subject to these variations. In particular, in our
experience, planning that incorporates geometric uncer-
tainties (probabilistic planning30) might make DPBN
similar to DPBC because the effect of shifting the dose
is to smooth the dose peaks. It still needs to be addressed
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how the number of levels in the DPBC plans depends on
the specific patient, on the complexity of the plan, or on
other features to balance accuracy with feasibility. This
investigation is part of our future work.

If systematic errors can be reduced to 2 mm (for example,
using online image guidance), better results can be produced
in terms of difference in discrepancies, but for some patients
still remain quite high (eg, more than 20 Gy for patient 4).
The pair (∑ = 1mm,σ = 2mm)was also considered because
it could be achievedwith stereotactic techniques: as expected,
these values produce the best results, keeping the difference
below 8 Gy for all patients. This indicates that online image
guidance is a prerequisite for DPBN. Noteworthy, in Fig 2, 2
different trends can be recognized. For patients 1, 2, and 8,
the plans are more robust to increasing systematic errors. For
these patients, dose escalation was halted by critical
structures, and the maximum dose value reached was around
85 Gy. For the others, instead, doses of 120-130 Gy could be
achieved. Among the latter, patients 5, 7, and 9 had the
largest GTVs (Table 1) and showed intermediate discrepan-
cies. Patients 3, 4, and 6 had GTV volumes much smaller
than patients 5, 7, and 9 and produced the largest
discrepancies (Table 2). This produces much steeper dose
distributions and shows that, in these cases, target coverage
is more degraded with increasing systematic errors, as
expected. This also confirms that image guidance is
paramount because reducing maximum prescribed dose to
contain sensitivity to systematic errors would discard all the
benefits of a dose escalation approach.

Although the inclusion of a specific linear particle
accelerator in these plans might produce a loss in generality,
it was necessary to compare the results withMeijer et al,24 in
which the same linear particle accelerator and the same
settings were used; on the other hand, dealing with a
deliverable plan, which typically shows less steep gradients,
makes the results achieved more meaningful. In fact,
the values obtained for the dose differences would be
probably even larger with a plan optimized and not
converted. Our conclusions are thus based on reasonable
clinical grounds.

Given the extreme values of dose and physical density
changes in the cases presented here, the dose cloud
assumption was tested performing recalculation of Δ99
values not only after fixed shifts of the dose distribution,
but also shifting the treatment IC and recomputing the dose
(see Dose reporting: Probabilistic evaluation). The results
show an excellent agreement between Δ99 values
when the dose cloud assumption is made and when proper
dose recomputation is performed (Supplementary Table
2). This indicates that this approach is robust for lung
patients because isolated targets in a less dense environ-
ment (such as NSCLC) will keep an unchanged dose
distribution when moving within the boundaries of the
irradiation field. The correctness of this approach with
convolution algorithms (when considering areas not in
proximity to the skin) was also presented in Craig et al.35
Significant changes can occur in both anatomic and, even
more important, biologic image-based GTVs40 during the
treatment course and may result in a wrong dose deposition.
For DPBN treatments, a shrinking GTV, for example, can
cause the delivery of a maximum dose to the wrong spot
inside the target, whereas for standard uniform dose
techniques the correct coverage is always guaranteed (if
the target remains inside the PTV). In fact, for standard
plans, the PTV expansion takes into account (up to a certain
level) changes in organs configuration, whereas in DPBN
plans this is not the case because margin expansion is not
possible. So a correct DPBN treatment workflow should
include treatment adaptation-eg, using an approach as in
Duprez et al,41 to compensate as much as possible for this
effect. And probabilistic evaluation should be run after the
initial plan but also after each adaptation to ensure that what
is prescribed is also delivered at each stage.

In conclusion, when dose painting planning strategies
are used, geometric uncertainties must be properly taken
in consideration; otherwise, there is a serious risk of
misestimating dose delivery to the target. In particular,
systematic are more important than random uncertainties.
The software for plan evaluation with uncertainties used in
this work was validated and proven reliable. The largest
differences between prescribed and delivered dose distri-
butions occur in the high-dose regions, along the highest
dose gradients. DPBN optimized without accommodations
for geometric uncertainties suffers from an intrinsic
difficulty in controlling the high-peak areas when geometric
uncertainties are considered. An approach such as DPBC, in
which locally uniform dose areas are created, might be less
sensitive to these kinds of problem.
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