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Dose painting by numbers in a standard treatment planning system
using inverted dose prescription maps
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ABSTRACT

Background. Dose painting by numbers (DPBN) is a method to deliver an inhomogeneous tumor dose voxel-by-voxel
with a prescription based on biological medical images. However, planning of DPBN is not supported by commercial
treatment planning systems (TPS) today. Here, a straightforward method for DPBN with a standard TPS is presented.
Material and methods. DPBN tumor dose prescription maps were generated from '8F-FDG-PET images applying a
linear relationship between image voxel value and dose. An inverted DPBN prescription map was created and imported
into a standard TPS where it was defined as a mock pre-treated dose. Using inverse optimization for the summed dose,
a planned DPBN dose distribution was created. The procedure was tested in standard TPS for three different tumor
cases; cervix, lung and head and neck. The treatment plans were compared to the prescribed DPBN dose distribution
by three-dimensional (3D) gamma analysis and quality factors (QFs). Delivery of the DPBN plans was assessed with
portal dosimetry (PD).

Results. Maximum tumor doses of 149%, 140% and 151% relative to the minimum tumor dose were prescribed for
the cervix, lung and head and neck case, respectively. DPBN distributions were well achieved within the tumor whilst
normal tissue doses were within constraints. Generally, high gamma pass rates (>89% at 2%/2 mm) and low QFs
(<2.6%) were found. PD showed that all DPBN plans could be successfully delivered.

Conclusions. The presented methodology enables the use of currently available TPSs for DPBN planning and delivery
and may therefore pave the way for clinical implementation.

Dose painting relies on the use of medical images
that reflects radiobiological tumor properties [1].
These images are used to prescribe an inhomoge-
neous tumor dose in order to increase the local con-
trol compared to conventional radiotherapy (RT)
with a homogenous tumor dose. Two dose painting
approaches exist: dose painting by contours (DPBC)
and dose painting by numbers (DPBN) [2,3]. In
DPBC the most aggressive sub-volume within the
tumor is delineated and subsequently dose escalated
to a homogenous dose, while in DPBN each tumor
voxel is given a dose according to the voxel value in
the corresponding biological image.

Several imaging modalities may provide the image
basis for dose painting [4-6], where 18F-FDG-PET
is most relevant for several types of cancers. Studies
show that high FDG uptake in the tumor prior to
RT is associated with reduced survival for patients
with lung cancer, head and neck cancer and locally
advanced cervix cancer, among others [7-10]. Fur-
thermore, residual FDG uptake in the tumor after
RT may be a negative prognostic factor. Moreover,
in-field tumor recurrences typically occur in regions
showing high FDG uptake prior to RT [11,12].
Finally, regions within the tumor with high FDG
uptake appear to be spatially stable [12]. These
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findings indicate that tumor regions with high FDG
uptake are attractive targets for dose escalation.

It has been more than a decade since the concept
of dose painting was first introduced. In spite of great
interest, the approach has not gained widespread use
clinically. One possible reason could be that the
implementation of dose painting is technically com-
plex, particularly for DPBN. To our knowledge, plan-
ning of true DPBN is not offered in standard versions
of any commercial treatment planning system (TPS)
today. The need for in-house developed planning sys-
tems or modifications in TPS research versions may
be an obstacle for clinical implementation of DPBN.
This issue is addressed in the present study by the
introduction of a new method for DPBN planning
in a standard TPS. The method is based on 'F-FDG
PET images for dose prescription and the treatment
plan summation option of standard TPS employing
intensity modulation. It is shown that DPBN can be
delivered in accordance with the FDG dose prescrip-
tion for different cancer patient cases.

Material and methods
Parient and image data

To develop a method for DPBN, image data from
three anatomically different cases with FDG-PET
positive tumors were utilized. In all three cases, the
patient had previously received treatment according
to standard practice for their disease. Patient charac-
teristics were as follows; one 64-year-old female with
locally advanced cervical cancer FIGO stage 3b, a
67-year-old male with head and neck cancer of the
tongue stage T4aN1MO and a 64-year-old female
with stage IV non-small cell lung cancer (NSCLC).
As part of standard treatment planning, the primary
tumor [gross tumor volume (GTV)], elective target
areas and organs at risk (OARs) had been delineated
by oncologists and nuclear medicine specialists. Pri-
mary tumor volumes were 80 cm?, 19 cm?, 101 cm?
for the cervix, head and neck and lung case,
respectively. Pre-treatment '8F-FGD-PET images
(Biograph, Siemens, Germany) were available with
pixel size of 2.7 mm, 1.8 mm and 4.1 mm and slice
thickness of 2.0 mm, 2.0 mm and 3.0 mm for the
cervix, head and neck and lung case, respectively.

DPBN prescription and inverted dose maps

PET images, GTV contour and a standard TPS calcu-
lated DICOM dose file were imported into Interactive
Data Language (IDL v8.2, I'TT Visual Information
Solutions, Boulder, CO, USA) for generation of 18F-
FDG-based DPBN tumor prescription maps. The PET
image slices were interpolated to a 2.0 mm pixel size to
match the resolution of the TPS dose files.

A linear relationship between prescribed voxel
dose D and PET image voxel value I was applied
within the tumor defined by the GTV contour, sim-
ilar to Vanderstraeten et al. [13]:
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I, and Ihigh were defined from the 2nd and
98th percentile of the FDG uptake in the tumor,
respectively. This makes the DPBN prescription
more robust against noise in the PET images. The
maximum prescribed dose Dhigh, was adjusted to
produce a fixed mean tumor dose D__, , given a
defined minimum dose, D, . In the current work,
D, ., was equal to the planning target volume (PTV)
dose prescription. D, was set to 120% of D, . By
definition, D, and Dhigh will be prescribed to the
2% least and most intense PET voxels, respec-
tively.

A three-dimensional (3D) dose prescription
matrix was generated in IDL based on the framework
outlined above. An inverted dose map was created by
subtracting the original prescription matrix from the
Dhigh. As a result, the inverted dose map values
ranged from zero in voxels originally prescribed Dhigh
to (Dhigh—Dlow) in voxels intended for the minimum
dose, D, . Using the TPS DICOM dose file as a
template, two dose files were created with appropri-
ate patient-specific DICOM information, one con-
taining the DPBN prescription and one the inverted
prescription map. The inverted DPBN prescription
file was to be used during VMAT optimization, while
the dose prescription file was to be employed as a
benchmark during planning.

Treatment planning

The inverted dose map was imported into Eclipse
TPS (v.11, Varian Medical Systems, Palo Alto, CA,
USA) and assigned to a mock treatment plan. The
actual DPBN plan was created as volumetric modu-
lated arc therapy (VMAT) using two 6 MV arcs from
aVarian Clinac iX with a Millenium MLC.The inverse
optimization was performed in dose summation mode,
with the mock plan containing the inverted DPBN
prescription defined as a pre-treated plan. Thus, by
requesting a homogeneous summed dose of D, eh 10
the GTV the TPS optimizer automatically strives to
create the prescribed DPBN dose distribution within
the tumor for the actual plan. For other target volumes
and OARs, standard optimization was applied with
normal treatment margins and dose-volume histogram



(DVH) constraints. No additional target-derived
volumes were necessary during optimization.

In this study, PTV doses of 45, 46 and 66 Gy
were prescribed for the cervix, head and neck and
lung case, respectively. For the head and neck case,
sequential treatment was considered with the first
series including both elective and primary areas while
the second series includes the primary area alone.
Here, dose painting was performed only in the first
series. OARs considered during optimization were
rectum, sigmoid, bladder, bowel and cauda equina
for the cervix case, parotid glands, submandibular
glands (SMGQG) and spinal cord for the head and neck
case and left and right lung, spinal cord, esophagus,
and trachea in the lung case.

Plan evaluation

The DPBN prescription map was compared to the cor-
responding planned DPBN tumor dose by 3D gamma
analysis using the 3DVH® software (Sun Nuclear cor-
poration, Melbourne, FL, USA). The software enabled
direct dose comparisons within the GTV, with gamma
acceptance criteria set to 2%/2 mm and 3%/3 mm.

In evaluation of the obtained DPBN tumor dose
the quality factor (QF) [14] was calculated. In com-
putation of the QF, the quality index (Q)), is calcu-
lated for all tumor voxels i, as the ratio of the planned
dose DPla? to the prescribed dose DPres:
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The treatment plans were delivered on a Varian
Clinac iX and the generated fluence recorded by an
electronic portal imaging device (EPID). Gamma
analysis, comparing the delivered and planned flu-
ence distribution using portal dosimetry (PD) veri-
fication (Varian Medical Systems) was performed.
Again, 2%/2 mm and 3%/3 mm were selected as
acceptance criteria in the gamma analysis.

Results

Figure 1 shows PET/CT images, illustrating patient
anatomy and tumor FDG uptake for the three
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different cases. The standardized uptake value (SUV)
were calculated for all voxels inside the GTV con-
tour, and values (SUV_ ., SUV__ . ., SUV__) of
(1.2, 6.5,16.3), (2.5, 7.1, 16.0) and (0.9, 9.7, 19.9)
were found for the cervix, head and neck and lung
case, respectively. The resulting PET voxel values
(¢ P Ihigh) relative to the max value was (13%, 86%),
(20%, 90%) and (9%, 85%) in the DPBN prescrip-
tion for the cervix, head and neck and lung case,
respectively. The relative distribution of FDG uptake
within the tumor then determined the maximum
prescribed tumor dose D,. .. For a D__  fixed at
120% of D, _, Dhigh values of 149%, 151% and 140%
were prescribed in the cervix, head and neck and
lung case, respectively.

Implementation of the methodology and subse-
quent DPBN planning using a standard TPS was
straightforward. For all three cases, the prescribed
DPBN distribution was well obtained within the tumor.
A visual comparison between the prescribed and
planned tumor dose distribution is shown in Figure 2a.
Differential DVHs also show good agreement between
prescribed and planned dose distribution (Figure 2b).
A slightly lower correspondence for the cervix case was
observed compared to the two others.

Results from plan evaluation using 3D gamma
analysis and computation of QF are presented in
Table Ia. In general, good agreement between the pre-
scribed and planned dose distribution was found with
QF values around 2% and gamma pass rates above
97% in all cases for the 3%/3 mm criteria. In line with
what was qualitatively visible in Figure 2, the cervix
plan did not score as good as the two other cases.
Results from PD verification comparing delivered to
planned fluence, are listed in Table Ib. According to this
test, all DPBN plans could be successfully delivered.

Whilst striving for a DPBN dose distribution
within the GTV, adequate PTV coverage and OAR
sparing was also crucial. Images showing examples
of the overall dose distribution are displayed in
Figure 3a. Sufficient PTV coverage with Dy, >95%
was achieved in all three cases. OAR doses were
assessed by comparison to standard homogeneous
plans (Figure 3b). In general small differences in
OAR doses were seen between the DPBN and

Figure 1. Axial PET/CT images illustrating 18F-FDG tumor uptake for the three different cases. Left: cervix cancer case. Mid: head and

neck cancer case. Right: lung cancer case.
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Figure 2. Axial slices comparing the prescribed and obtained plan dose distribution within the tumor for cervix (left), head and neck
(middle) and lung case (right) (a). Differential tumor DVHs for all three cases showing the prescribed DPBN distribution together with

the obtained plan distribution (b).

standard plans, however, there were some dissimilar-
ity. In the cervix case, bladder D, _ increased from
45.9 Gy to 50.4 Gy with DPBN. Also, bowel dose
increased moderately for DPBN with aV45Gy of 130
cm?® compared to 101 cm? in the standard plan. For
the head and neck case, doses to the parotid glands
differed slightly with mean doses being about 1.5 Gy
higher in the DPBN plan. Also, D_ for the spinal
cord increased from 26.8 Gy to 28.6 Gy using DPBN.
In the lung case, D_, to esophagus increased from
23.8 Gy in the standard plan to 30.7 Gy in the
DPBN plan. Lung doses however were very similar

with the ipsilateral lung having a V
both plans.

206y Of 21.0% in

Discussion

In this work, a new method for DPBN treatment plan-
ning was introduced. The methodology was tested in
three cases with different anatomy and OARs for proof
of principle. By importing inverted dose maps into a
standard TPS, straightforward DPBN planning is pos-
sible without any modifications of the TPS. Imple-
mentation of the methodology was feasible and for all

Table I. (a) Comparison of prescribed and planned tumor dose distribution by 3D gamma analysis and the QF. (b) Comparison of planned
to delivered dose using portal dosimetry (PD) verification, mean values for the two VMAT arcs presented.

a b

3D Gamma (%) QF (%) PD (%)
Case\Criteria 2%/2 mm 3%/3 mm Case\Criteria 2%/2 mm 3%/3 mm
Cervix 88.7 97.3 2.6 Cervix 99.4 100.0
Head and neck 99.5 100.0 1.8 Head and neck 99.7 100.0
Lung 92.2 99.4 2.0 Lung 99.2 100.0
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Figure 3. Overview of DPBN dose distribution in an axial slice for all three test cases (a). OAR and target volume DVHs for the cervix,
head and neck and lung case with DPBN plans (solid lines) compared to corresponding standard homogeneous plans (dotted lines) (b).

patient cases, prescribed, planned and delivered doses
were highly similar.

Incorporation of the biological information from
medical images into the plan optimization on the
voxel level has been a practical challenge in DPBN
and different approaches have been used. At Ghent
University Hospital, modifications were made in the
optimization tool and objective function in their in-
house developed TPS to incorporate biological
voxel-wise optimization [14]. This solution was used
in the clinical implementation of DPBN treatment
[15]. Similarly, the group at the University Hospital
in Tubingen has utilized their HYPERION system
for planning of hypoxia dose painting [16]. Another
approach has been to alter the objective function in
the optimizer of the research version of a commercial
TPS [17,18]. In a fourth approach, DPBC has been
implemented with standard TPSs by creating several
image based sub-volumes within the tumor, each
with a separate dose prescription [19,20]. The meth-
odology presented here, differs from previous meth-
ods as it enables users to perform true DPBN
optimization in a standard version of a commercial
TPS. The use of inverted dose maps and summed

optimization drives the standard optimizer to mini-
mize the quadratic difference between the planned
and prescribed dose in each voxel. In our opinion,
this solution overcomes some of the difficulties cur-
rently associated with planning of DPBN. However,
the presented method for DPBN requires prepara-
tory steps in separate software to create dose pre-
scription and inverted dose map. Yet again, this
should ensure compatibility with all planning
systems supporting inverse optimization on summed
plans. In addition to the Eclipse TPS, the method
was verified in an Oncentra TPS (Version 4.3, Nucle-
tron, an Elekta company, Veenendaal) (data not
shown).

Since the concept of dose painting was intro-
duced, most of the clinical implementation has been
with the DPBC approach [21]. In contrast to DPBN,
DPBC can be implemented in a standard TPS as
planning of dose escalation to biological target
volume(s). In principle, this is similar to a normal
simultaneously integrated boost. It may however be
argued that the gradual dose escalation pursued in
DPBN is a better approach than the discrete dose
steps prescribed in DPBC. Plan studies comparing
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PET based DPBC to DPBN have also found that the
latter allows for higher doses to the tumor with better
fulfillment of the dose prescription [16,17]. Further-
more, DPBN is less sensitive to PET reconstruction
parameters than a contour-based approach [22].

The voxel-based DPBN dose distribution from
medical images is generated without regard to phys-
ical, technical or anatomical constraints. The achiev-
able tumor dose distribution will therefore be
restricted by photon beam properties in addition to
technical treatment unit specifications, such as MLLC
resolution [19,23]. In addition to technically limiting
factors, patient-specific limitations, such as the anat-
omy and FDG uptake in the tumor, also plays a role.
If the high-uptake tumor voxels are located close to
critical organs, it may be difficult to achieve the pre-
scribed tumor doses. Of the cases tested here, the
cervix patient proved most challenging and per-
formed not as good as the two others in the 3D
gamma and QF evaluation. This may be explained
by the location of the primary tumor close to the
bladder (Figure 3a) and by a spatially more hetero-
geneous FDG uptake leading to a dose prescription
with steep dose gradients (Figure 2a). Regarding
doses to OARs, dose painted treatment plans must
be evaluated according to the same criteria as for
traditional treatment plans.

We have in this study demonstrated the feasibility
of a new method for DPBN planning and verified
the delivery of the plans with PD. Clinical implemen-
tation of DPBN does however introduce further
challenges from daily set up variations and anatomi-
cal and functional tumor changes during the course
of treatment. If not accounted for, such variations
will affect the dose distribution reducing the Q; and
the intended additional tumor effect compared to a
standard homogeneous tumor dose [19,23]. How-
ever, traditional treatment margins are not suited to
ensure robustness to geometric uncertainties in
voxel-by-voxel DPBN. Different strategies have been
investigated to address this issue, one being the intro-
duction of confidence-based probabilistic optimiza-
tion [18]. Another approach relies on dilation and
deconvolution of the tumor dose prescription to
account for systematic and random errors, respec-
tively [24]. The latter approach is compatible with
the planning method introduced in this study and
can be included to further develop the procedure.

The strategies discussed in the previous section
might together with daily in-room imaging, deal with
geometric setup errors also for DPBN. They will
however, not solve the issue of varying patient anat-
omy and possible volumetric and functional tumor
changes found during the course of treatment. In
order to account for such effects, adaptation based
upon biological imaging obtained during treatment

is needed. 18F-FDG-PET-based adaptive dose paint-
ing have been tested in silico for NSCLC [25] and
implemented clinically for head and neck cancer. In
the ARTFORCE phase II trial for treatment of head
and neck cancer [26], adaptive DPBC is conducted
applying re-planning after two weeks of treatment. In
Ghent, several adaptive DPBN strategies have been
conducted for patients with head and neck cancer.
In the first approach, two DPBN plans based on
FDG-PET images acquired prior to and during RT
and one standard IMRT plan were delivered sequen-
tially during the six-week treatment course [15].
Then, in their second approach, three-phase adaptive
DPBN was carried out over the entire treatment
[27]. These adaptive treatment studies illustrates an
increasing effort put into treatment planning in order
to fully exploit the potential of dose painting, which
motivates development of more efficient planning
methods.

In conclusion, a straightforward method for plan-
ning of DPBN in a standard TPS has been presented
in this study. The methodology reduces the complex-
ity associated with implementation of DPBN with
the potential of being valuable for further exploration
and clinical implementation of this treatment
concept.
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