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ORIGINAL ARTICLE

Robust treatment planning of dose painting for prostate cancer based on ADC-
to-Gleason score mappings – what is the potential to increase the tumor
control probability?

Eric Gr€onlunda,b , Erik Almhagena,c , Silvia Johanssond,e , Erik Traneusf , Tufve Nyholmg , Camilla
Thellenbergg and Anders Ahnesj€oa,d

aMedical radiation sciences, Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden; bSection of Medical
Physics, Eskilstuna Hospital, Eskilstuna, Sweden; cThe Skandion Clinic, Uppsala, Sweden; dUppsala University Hospital, Uppsala, Sweden;
eExperimental and clinical oncology, Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden; fRaySearch
Laboratories, Stockholm, Sweden; gDepartment of Radiation Sciences, Umeå University, Umeå, Sweden

ABSTRACT
Background and purpose: The aim of this study was to evaluate the potential to increase the tumor
control probability (TCP) with ‘dose painting by numbers’ (DPBN) plans optimized in a treatment plan-
ning system (TPS) compared to uniform dose plans. The DPBN optimization was based on our earlier
published formalism for prostate cancer that is driven by dose-responses of Gleason scores mapped
from apparent diffusion coefficients (ADC).
Material and methods: For 17 included patients, a set of DPBN plans were optimized in a TPS by
maximizing the TCP for an equal average dose to the prostate volume (CTVT) as for a conventional
uniform dose treatment. For the plan optimizations we applied different photon energies, different
precisions for the ADC-to-Gleason mappings, and different CTVT positioning uncertainties. The TCP
increasing potential was evaluated by the DPBN efficiency, defined as the ratio of TCP increases for
DPBN plans by TCP increases for ideal DPBN prescriptions (optimized without considering radiation
transport phenomena, uncertainties of the CTVT positioning, and uncertainties of the ADC-to-
Gleason mapping).
Results: The median DPBN efficiency for the most conservative planning scenario optimized with a
low precision ADC-to-Gleason mapping, and a positioning uncertainty of 0.6 cm was 10%, meaning
that more than half of the patients had a TCP gain of at least 10% of the TCP for an ideal DPBN pre-
scription. By increasing the precision of the ADC-to-Gleason mapping, and decreasing the positioning
uncertainty the median DPBN efficiency increased by up to 40%.
Conclusions: TCP increases with DPBN plans optimized in a TPS were found more likely with a high
precision mapping of image data into dose-responses and a high certainty of the tumor positioning.
These findings motivate further development to ensure precise mappings of image data into dose-
responses and to ensure a high spatial certainty of the tumor positioning when implementing
DPBN clinically.
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Introduction

More than half of the patients diagnosed with prostate can-
cer in Sweden receive radiotherapy (RT) [1], which in com-
bination with endocrine therapy is the preferred treatment
for high-risk patients [2]. The risk for relapse can be miti-
gated by allowing for dose escalation to increase the tumor
control probability (TCP) [3–8]. Local recurrences after RT has
been demonstrated to often occur at the same spatial loca-
tion as the site of the primary tumor [9]. However, dose
escalation comes with the expense of increasing the risk for
a normal tissue complication probability (NTCP) [5,6,10]. To
reach a better tradeoff between a high TCP and a low NTCP

dose painting has been proposed [11]. The aim of dose
painting is to increase the TCP to NTCP ratio through pre-
scribing and delivering nonuniform dose distributions based
on spatially varying dose-responses derived from functional
imaging data.

One of the most predictive factors for prostate cancer
prognosis is the Gleason score determined from biopsy sam-
ples of prostate tissue. It has been shown that increasing
Gleason scores correlate with an increased risk for biochem-
ical recurrences after both RT and prostatectomy [12–15].
Ghobadi et al. [16] hypothesized that Gleason scores could
be used to characterize patient specific dose-responses
through implementing Gleason scores as a parameter in the

CONTACT Eric Gr€onlund eric.gronlund@regionsormland.se Section of Medical Physics, Eskilstuna Hospital, Medicinsk fysik och teknik, M€alarsjukhuset,
Eskilstuna 631 88, Sweden

Supplemental data for this article is available here.

� 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

ACTA ONCOLOGICA
2021, VOL. 60, NO. 2, 199–206
https://doi.org/10.1080/0284186X.2020.1817547

http://crossmark.crossref.org/dialog/?doi=10.1080/0284186X.2020.1817547&domain=pdf&date_stamp=2021-02-09
http://orcid.org/0000-0002-4603-6338
http://orcid.org/0000-0001-8661-4019
http://orcid.org/0000-0002-4446-796X
http://orcid.org/0000-0002-1850-7382
http://orcid.org/0000-0002-8971-9788
http://orcid.org/0000-0002-7061-7255
http://orcid.org/0000-0001-8265-4785
https://doi.org/10.1080/0284186X.2020.1817547
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/0284186X.2020.1817547
http://www.tandfonline.com


linear-quadratic model. In their modeling study, they found
that the prostate dose could be differentiated by 10Gy with
an equal TCP as for uniform dose treatments. Furthermore,
increasing Gleason scores are shown to correlate with
decreasing apparent diffusion coefficient (ADC) data acquired
from diffusion weighted MR imaging [17–23]. Similar to
Ghobadi et al. [16], we hypothesized in our earlier study [24]
that Gleason scores could be used to predict differentiated
dose-responses and thus used to maximize the TCP with the
average dose constrained to that for conventional uniform
dose treatments. The underlying Gleason driven dose-
response functions were derived from a learning set of pre-
RT Gleason scores and post-RT outcomes from 122 high-risk
patients treated with a uniform dose of 91.6 Gy EQD2. The
endpoint for TCP was freedom from biochemical recurrences
(BCR) 5-years post-RT.

In our previously published DPBN formalism [24] we
derived heterogeneous dose painting prescriptions based on
image predicted dose-responses to maximize the TCP per
used radiant energy. We did so without considering any
practical circumstances for safe delivery such as geometrical
uncertainties or dose gradient limitations from particle trans-
port physics, etc. The resulting TCP increases as compared
with a uniform dose treatment, yielded thus a theoretical
limit for the maximal gain with DPBN. In this study we have
implemented our earlier dose painting formalism [24] into a
treatment planning system (TPS) considering delivery limita-
tions with the aim to evaluate the feasibility to actualize the
potential TCP increases with optimized dose painting by
numbers (DPBN) plans in comparison to uniform dose treat-
ments for high-risk prostate cancer. We implemented the
DPBN optimization to be feasible with minimax optimization
without need for specification of explicit margins or PTV to
ensure robustness of the TCP and the dose distribution
regarding uncertainties of the iso-center positioning. Several
aspects of the data processing and treatment planning/deliv-
ery steps were explored in order to establish which parame-
ters are of importance for implementing a feasible DPBN
workflow amiable for clinical implementation. These aspects
include the precision of ADC to Gleason mapping, choice of
photon beam energy and different scenarios for positioning
uncertainties during dose delivery.

Material and methods

We tested 12 different planning conditions on a test set of
17 patients to evaluate the tested conditions impact on the
result, considering various uncertainties and the limitations
of physically deliverable doses. The DPBN formalism is driven
by Gleason score dependent dose-response functions derived
from a learning set consisting of pre-RT Gleason scores and
post-RT outcomes, as described earlier [24]. Moreover, the
ADC driven dose painting is enabled through mapping ADC
image data to the Gleason driven dose-responses by means
of probability density functions derived from published cor-
relations between Gleason scores and ADC data given by
Turkbey et al. [17]. As endpoint for TCP we used the 5-year
freedom from bio-chemical recurrences.

Patient data

As test set for this study we used data from 17 patients out
of the 18 high-risk patients we used in our previous study
[24]. All included patients had been imaged with diffusion
weighted MR-imaging before androgen deprivation therapy
to provide ADC images unaffected of hormonal induced
changes of the prostate tissues. The ADC images were for
some patients acquired with a 1.5 Tesla MRI camera from
Siemens, where the ADC image data were resolved with
three values of the diffusion weighting parameter (‘b-value’),
0, 160 and 800 s/mm2. For the remaining patients a 3.0 Tesla
PET/MRI camera from GE Healthcare was used, with two b-
values of 200 and 800 s/mm2. For each patient the ADC
images were rigidly registered to the CT images used for
treatment planning. The contours of each patient had been
segmented on the CT image sets according to clinical proto-
cols. In our earlier study [24], we did small manual modifica-
tions of each patient’s segmented target prostate volume
(CTVT) to yield a better match of the ADC maps with the CT
based CTVT segmentations. However, to align this study
toward a more realistic clinical setting we did not perform
any modifications of the segmented CTVTs. One patient was
hence excluded from the original set of 18 patients because
of a large anatomical difference of the rectum between the
CT and ADC image sets, which yielded that the CTVT defined
on the CT image set was biased to enclose ADC data from
the rectum. All 17 included patients constituted a subset of
the patients treated with RT in the PARAPLY phase 2 trial
(ClinicalTrials.gov Identifier NCT01962324; Umeå board eth-
ical approval reference numbers 2013/154-31 and 2015/
75-32).

DPBN treatment plan efficiency

The realistic potential of TCP increases with DPBN plans was
evaluated in comparison to the TCP increases for ideal DPBN
prescriptions (i.e., doses assigned to each voxel by neglecting
radiation transport phenomena and uncertainties of the
mapping of ADC-to-Gleason score). This potential was eval-
uated as the DPBN efficiency ðgDPBNÞ given as

gDPBN ¼ TCPreal�TCPhom
TCPideal � TCPhom

� �
, (1)

where TCPreal, TCPhom and TCPideal correspond to the TCP for
realistic DPBN plans, the TCP for a homogeneous conven-
tional dose and the TCP for ideal DPBN prescriptions,
respectively. Both the ideal DPBN prescriptions and the real-
istic DPBN plans were optimized under the assumption of
voxel independency through maximizing the product of the
TCP for each voxel within the CTVT, see Equation (3).
Furthermore, to avoid too high doses we constrained the
average CTVT dose to 91.6 Gy EQD2 (i.e., the uniform treat-
ment dose for the original learning set [24] with a=b ¼
1:93 Gy according to Vogelius et al. and Casares-Magaz et al.
[25,26]). To acquire a theoretical maximum TCP gain for the
ideal DPBN prescriptions we assumed that the ADC data
could be exactly mapped to the mean Gleason score per
ADC value without any probabilistic spread, i.e., a direct one-

200 E. GRÖNLUND ET AL.



to-one mapping of ADC data into a Gleason score. This is in
contrast to our previous study [24] where the DPBN prescrip-
tions for the test set patients were optimized with a condi-
tional probability map based on the uncertainty ranges
given by the study from Turkbey et al. [17], i.e., the low pre-
cision mapping described in section 2.4. In Figure 1 we show
the TCP increases (i.e., TCPideal � TCPhom) resulting from each
test set patients ideal DPBN prescription where we also show
the TCP increases for the learning set given in our previous
study [24].

TCP modeling and optimization

The ADC driven dose painting was enabled through translat-
ing ADC image data into Gleason score dose-response func-
tions based on published correlations between Gleason
scores and ADC data given by Turkbey et al. [17]. The
assumption behind this translation was that the TCP for a
voxel could be expressed as the probability weighted geo-
metric average over the probability distribution of Gleason
scores for the voxel as

TCPvox DEQD2Gy

� � ¼ Yjmax

j¼1

TCPvox DEQD2Gy ,Gj
� �� �P Gj ADCð Þð ÞDG

0
@

1
A

fvox

(2)

where TCPvoxðDEQD2Gy ,GjÞ is the Gleason score driven dose-
response for an EQD2 voxel dose DEQD2Gy and Gleason score
Gj, PðGjðADCÞÞDG is the conditional probability map that
gives the probability for Gj, with interval width DG, based
on the voxel’s apparent diffusion coefficient ADC, and fvox is
the fraction of the voxel that is within the CTVT, i.e.,
0<fvox � 1: The derivation of the Gleason driven dose-
responses TCPvoxðDEQD2Gy ,GjÞ and the conditional probability

map PðGjðADCÞÞDG is given in our earlier paper [24]. The for-
malism was implemented as a planning objective into a
research version of the treatment planning system (TPS)
RayStation. The optimization framework of the TPS is
designed to minimize scalar objectives, so we formulated the
planning objective as

minimize
d

1�
Y

vox2CTVT
TCPvox DEQD2GyðdÞ

� �� �
(3)

where TCPvoxðDEQD2GyðdÞÞ is given by Equation (2) as a func-
tion of the voxel dose DEQD2Gy determined from the physical
dose distribution d with a=b ¼ 1:93 Gy [25,26]. We used the
planning objective of Equation (3) in the robust minimax
optimization framework of the TPS [27,28] for which the opti-
mization problem can be formulated as

minimize
d

max
k

Xn
i¼1

wifi dkð Þ
" #

þ
Xnþm

i¼nþ1

wifiðdÞ
 !

subject to
�
cq dkð Þ � 0,

�
q ¼ 1, :::,Q
k ¼ 1, :::, K

cjðdÞ � 0, j ¼ 1, :::, J,

(4)

where fi is the i�th planning objective with importance
weight wi, n is the number of objectives used with minimax
optimization, m is the number of objectives used without
minimax optimization, Q is the number of dose constraints
cq used with minimax optimization, and J is the number of
dose constraints cj used without minimax optimization. The
robust minimax part of the optimization minimizes the max-
imum objective value selected from K scenarios of iso-center
positioning errors (that yields the dose error scenarios dk)
and hence ensures a geometrically robust dose coverage to
the tumor target volume without the use of a PTV [27,28].

Setup of dose painting plans

For each patient we created a total of 12 DPBN volumetric-
modulated arc therapy (VMAT) plans with 2 arcs completing
a full rotation for a Versa HDTM linear accelerator and the
dose grid set with 3.0� 3.0� 3.0mm3 voxels. See Table 1 for
a summary of the tested conditions for the 12 different
plans. To test whether variations in lateral dose resolution
due to different photon energies would affect the DPBN
optimization we optimized six plans with 6MV photons and

Figure 1. TCP increases for ideal dose painting prescriptions both for the ori-
ginal learning set patients (blue dots) and for the test set patients included in
this study (red dots). These TCP increases are plotted vs. the standard deviation
of Gleason scores multiplied by the prostate CTVT volumes as in our earlier
study where we found this measure to correlate well with a TCP increase [24].
Note that the TCP increases for the test set patients (red dots) are not the same
TCP increases as given in our earlier study [24]. This is because the test set
patients’ ideal dose painting prescriptions are in this study based on a direct
one-to-one mapping of ADC-to-Gleason scores and based on the clinically
determined segmentations of the CTVTs without any manual modifications (as
we did in our previous study).

Table 1. The different settings for the plan optimizations, where the photon
energy, precision on the mapping of ADC!Gleason scores, and the robust-
ness distance were varied, yielding a total of 12 plans per patient.

Photon energy Mapping of ADC!Gleason score Robustness distance
[MV] Low precision (LP) or High precision (HP) [cm]

6 LP 0.0
6 LP 0.2
6 LP 0.6
6 HP 0.0
6 HP 0.2
6 HP 0.6
15 LP 0.0
15 LP 0.2
15 LP 0.6
15 HP 0.0
15 HP 0.2
15 HP 0.6
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six plans with 15MV photons. Out of the six plans per pho-
ton energy, three were optimized with a low precision (LP)
conditional probability map, i.e., the original conditional
probability map from our earlier study [24], which was con-
structed from the Gleason-to-ADC correlations given by
Turkbey et al. [17]. The other three plans were optimized
with a high precision (HP) conditional probability map, which
were constructed by compressing the interquartile range
data from Turkbey et al. [17] to instead be contained in the
range from 12.5 to 87.5%. Furthermore, we chose to opti-
mize with robust minimax optimization for three levels of
isocenter positioning errors for the set of plans optimized
with the LP and the HP conditional probability map, respect-
ively. The isocenter positioning errors were tested by three
different settings: 0.6 cm corresponding to the conventional
CTV-to-PTV margin used in the PARAPLY study; 0.2 cm to
simulate a very high precision treatment that only take into
account the uncertainty of intra-fractional movement of the
prostate (based on the recommended margin from Kotte
et al. [29]); and finally without any isocenter positioning
errors for use as a reference.

For all plans we chose to use 35 fractions where the base-
line dose D98% to the CTVT should not be less than 77Gy
and the maximum dose not should exceed the boost dose
of 95Gy, as used in the FLAME trial [30,31]. Furthermore, as
in our previous study [24] we considered that the average
dose of 91.6 Gy EQD2 should be kept equal for the CTVT,
which for 35 fractions and a/b¼ 1.93 Gy [25] equals 83.4 Gy
(physical dose). Moreover, to prevent the dose painting opti-
mization to yield hot-spots to the region surrounding the
edge of the CTVT we added planning objectives for the
CTVT-to-PTVT margin volume with a weighting factor such
that the volume’s dose distribution become similar to that
for conventional uniform dose treatments. The prescription
doses for the therapeutic pelvic lymphatic nodes (PTVN-T)
and for the prophylactic nodes (PTVN-P) were set to 70Gy
and 56Gy, respectively. See Table A1 in the Supplementary
Appendix for details of the used objectives and constraints
for the optimization of DPBN plans.

Results

As expected, ideal DPBN prescriptions demonstrates a
greater potential for TCP increases than TCP increases for
realistic DPBN plans, see Figure 1 in comparison to the left
panels of Figure 2. The TCP gains for the ideal DPBN pre-
scriptions (Figure 1) correlated with the standard deviation
of Gleason scores multiplied by the CTVT volumes
(rG � VCTVT), meaning that heterogeneous and large prostate
volumes possess a larger potential for TCP increases than for
homogeneous and smaller prostate volumes (as shown in
our earlier study [24]). However, this correlation was much
less pronounced for the TCP increases of the realistic DPBN
plans optimized under various conditions (Figure 2). In Table
A2 in the Supplementary Appendix is the patient groups’
average TCP increases listed for the 12 different planning
scenarios. The DPBN plans that demonstrated the greatest
potential for TCP increases were those reflecting very high

precision irradiation, i.e., the non-robustly optimized plans
with the high precision conditional probability ADC-to-
Gleason map, and the plans that demonstrated the lowest
potential were the most robust plans (i.e., the plans opti-
mized to be robust for an iso-center positioning error of at
most 0.6 cm) optimized with the original (low precision) ADC
to Gleason probability map. It was also found that the effect
of optimizing with 6MV photons did not yield any significant
TCP increase as compared to optimizing with 15MV photons
(see Table A2 in the Supplementary Appendix).

The DPBN efficiency for the different planning scenarios
was evaluated with Equation (1) to give a measure of the
realistic potential to actualize TCP increases inherently avail-
able for dose painting under ideal conditions. In Figure 3 we
demonstrate the DPBN efficiency for all different planning
setups, where it is shown that a decrease of the robustness
distance and an increase of the precision to map ADC-to-
Gleason scores yields a higher DPBN efficiency. However,
some plans had a negative DPBN efficiency, meaning that
these DPBN plans had a lower TCP than for a uniform dose
treatment. Nevertheless, the 25th percentile of the DPBN effi-
ciency for all planning scenarios all had a positive efficiency
meaning that at least 75% of the DPBN plans yielded a
greater TCP than the TCP for a uniform dose treatment. See
Figure 3 for the numerical range of the DPBN efficiency of
each plan optimization.

The resulting DPBN plan doses versus ADC data are
shown in Figure 4 for one of the patients, where for com-
parison also the ideal DPBN prescription dose is shown (i.e.,
voxel doses optimized for the CTVT without considering radi-
ation transport phenomena or geometric uncertainties).

Discussion

The basic idea of dose painting is to widen the therapeutic
window through prescribing non-uniform doses based on
dose-response predictors mapped from functional image
data. Based on several studies demonstrating that increasing
Gleason scores correlate with decreasing ADC data [17–23],
albeit with inherent uncertainties, we have constructed a
dose painting formalism where ADC data is mapped to
Gleason score driven dose-responses as outlined in Equation
(2). The data we used for mapping of ADC data to Gleason
scores [17] report how Gleason scores correlate with ADC,
whereas our formalism needs the mapping of ADC-to-
Gleason scores instead, forcing us to reconstruct the inverse
of the reported data. It would be more appealing to use
data that directly correlate ADC-to-Gleason scores, but such
detailed studies are not yet available to our knowledge. The
ADC images for our test set patients may not be fully com-
parable to the ADC images used by Turkbey et al. [17].
However, because the presented dose painting formalism in
practice redistribute the integral dose available for the pros-
tate volume it is rather the relative distribution of ADC val-
ues within the prostate than the absolute ADC values that
affect the dose optimization.

Higher accuracy of the ADC-to-Gleason score mapping
can potentially improve the benefit of DPBN (see Figure 2),
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primarily because when high Gleason score regions are bet-
ter resolved the optimizer can use the available dose

spending budget more effectively. For future development
of DPBN, it is hence important to accurately and with a high
precision localize the most aggressive tumor voxels. The
study from Borren et al. [32] demonstrate that multi-para-
metric MR-imaging can be a helpful tool to locate the most
aggressive tumor voxels. However, limitations in resolution
of clinical dose delivery puts a limit to what can be targeted.
Possible presence of high malignancy regions not resolved in
the images will have a negligible impact on the planned
dose distribution but will cause the predicted TCP increase
to be overestimated.

We hypothesized that a lower photon energy of 6MV
would yield greater TCP increases than for a higher photon
energy of 15MV, because a lower energy implies a narrower
penumbra that hence may yield a better formation of het-
erogeneous dose painting distributions. However, the differ-
ent photon energies did not impact the TCP increase
potential as much as the other tested factors, i.e., the map-
ping precision and the robustness distance (Figure 2,3 and
Table A2 in the Supplementary Appendix).

The potential to increase the TCP for realistic treatment
techniques is illustrated in Figure 2 where the plans opti-
mized with the maximum positioning precision (i.e., zero
robustness distance) indicated larger potential to increase

Figure 2. The panels in the left column show TCP increases per patient with realistic DPBN vs. the standard deviation of Gleason scores multiplied by the CTVT vol-
umes, whereas the panels in the right column demonstrate the TCP increases vs. the TCP for a uniform dose. The rows differentiate the plans optimized with the
low precision conditional probability map (uppermost) and with the high precision conditional probability map (lowermost). The colors demonstrate the used dis-
tances for robust minimax optimization, red without any iso-center displacements, green a maximum iso-center displacement of 0.2 cm and black a maximum iso-
center displacement of 0.6 cm.

Figure 3. Box and whisker plots of the resulting efficiency to increase the TCP
for the test set patients in different planning scenarios as compared to the ideal
DPBN prescriptions. Along the abscissa are the planning settings differentiated
with the used isocenter displacements for minimax optimization (black-0.6 cm,
green-0.2 cm, red without robust optimization), the precision on the
ADC!Gleason mappings (LP-low precision, HP-high precision), and the photon
energies (15MV and 6MV). The box center line corresponds to the median, the
box range 25th to 75th percentile, the whiskers show the data within 1.5 inter-
quartile range, and the dots correspond to outliers.
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the TCP than the plans optimized with larger distances. This
is expected since the non-robust plans can reach dose distri-
butions more similar to the ideal DPBN prescriptions than
the plans optimized with non-zero robustness distances.

We did a robustness test of the planned TCP for one of
the patients through sampling a large number of treatment
scenarios with random isocenter displacements for each
scenario. For the plans optimized without considering
robustness, it was found that the TCP varied greatly for each
sampled scenario, whereas the plans optimized with a
robustness of either 0.2 cm or 0.6 cm had a TCP increase that
was very robust for all sampled scenarios.

Our approach to reach a plan with a robust TCP by utiliz-
ing minimax optimization is in contrast to other studies such
as Sterpin et al. and Witte et al. [33,34] that aimed toward a
robust dose distribution by including random and systematic
errors in the optimization process. Nevertheless, another
approach from Witte et al. [35] share similarities with ours by
striving for a robust maximization of the expectation value
for the TCP. In their study [35] they included random and

systematic uncertainties and utilized a Poisson dose-response
modeling for the TCP maximization, whereas we instead uti-
lized minimax optimization to ensure that the worst-case
TCP value for an iso-center displacement reaches as high
value as possible. Furthermore, through using minimax opti-
mization it was found that the peripheral doses of the CTVT
close to the surrounding normal tissues was increasing,
which motivated our planning objective for the shell
volume of the CTVT-to-PTVT (see Table A1 in the
Supplementary Appendix).

The ideal DPBN prescriptions demonstrated an increase of
the TCP as compared to a uniform dose for all patients, see
Figure 1. The realistic potential to actualize these TCP
increases was evaluated through the DPBN efficiency, calcu-
lated by Equation (1) and shown in Figure 3. A DPBN effi-
ciency of 100% would imply a perfect realization of the ideal
DPBN prescriptions, which as expected not was the case, see
Figure 3. We found that the DPBN efficiency was decreasing
with an increasing robustness, with a median DPBN effi-
ciency of 10% for 0.6 cm robustness. For this robustness

Figure 4. Illustration of different dose plans for a CT-image slice for one of the patients. The blue contour marks the prostate target volume (CTVT) and the red
contour the PTVT made with a margin of 6mm from the CTVT. (Upper left) ADC image data within the CTVT. (Middle left) the ideal DPBN prescription, where the
low-ADC regions are prescribed a higher dose than the high-ADC regions with a lower dose. (Lower left) A dose plan optimized to be uniform for the PTVT. (Upper
right) A DPBN plan optimized with 15MV photons, high precision (HP) mapping of ADC!Gleason scores and without iso-center displacements. (Middle right) A
DPBN plan optimized with 15MV photons, HP mapping of ADC!Gleason scores and with minimax robust optimization for a maximum isocenter displacement of
2mm. (Lower right) A DPBN plan optimized with 15MV photons, HP mapping of ADC!Gleason scores and with minimax robust optimization for a maximum iso-
center displacement of 6mm.
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setting of 0.6 cm it can hence be expected that more than
50% of the patients will have a TCP increase of at least 10%
of the TCP increase for an ideal DPBN prescription.

Clinical trials are needed to prove that dose painting actu-
ally increases the prospects for prostate cancer patients in
comparison to conventional treatments. Furthermore, our
DPBN formalism focuses only on the prostate target volume
(CTVT) and not on the seminal vesicles which were planned
toward a homogeneous dose (see Table A1 in the
Supplementary Appendix). Even though dose painting not
yet has been proven to increase the prospects for prostate
cancer patients, studies such as the ASCENDE RT trial have
shown that general boost treatments can increase the TCP
[8]. The ASCENDE RT trial demonstrated that the 5-year free-
dom from a biochemical recurrence increased by 4.8 p.p. for
the boost treated patients as compared the control group
which is similar to the numbers presented in Table A2 in the
Supplementary Appendix. Furthermore, the FLAME trial aims
to provide with knowledge whether dose painting may be
beneficial [31]. In FLAME multi-parametric MRI was used to
distinguish primary tumor regions that for 35 fractions
received a boost dose dose of 95Gy and with 77Gy to the
rest of the prostate volumes [31]. While the clinical outcomes
for the FLAME trial not have been published yet, it has been
shown that the toxicity rates for the boost-treated patients
not increased compared to the control group treated with a
conventional uniform dose [30]. Moreover, we used the same
dose range for the CTVT as in the FLAME trial (i.e., 77Gy �
95Gy) for the DPBN plan optimization, with an extra inclu-
sion of the mean dose constraint of 83.4 Gy (see Table A1 in
the Supplementary Appendix). It is hence likely that the
DPBN plans we have optimized are safe for patient delivery
with respect to the NTCP for organs at risk.

Conclusions

We have in this planning study evaluated the potential to
clinically actualize prognosticated TCP increases from ideal
redistributions of homogeneous doses within the CTV. We
used a dose painting formalism that maps ADC data into
dose-responses driven by Gleason scores for TCP determin-
ation. For evaluation we used a commercial TPS with tools
for robust minimax optimization and a number of different
settings were used to emulate different clinically realistic
dose plans. We concluded that robust minimax optimization
is feasible for DPBN using TCP modeling from ADC images,
although it was not possible to reach the prognosticated
TCP increases from ideal dose redistributions. Of the investi-
gated factors; photon beam energy: ADC mapping accuracy:
and positional accuracy, we concluded that the positional
accuracy was most important, and that with increasing pos-
itional accuracy the ADC mapping accuracy became more
important while the selection of beam energy did not have a
significant effect. These findings motivate further develop-
ment to ensure direct mappings of accurate image data into
dose-responses, and to ensure a high spatial certainty of the
tumor positioning when implementing DPBN in a clin-
ical setting.
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