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Objective: To determine whether dose painting with
volumetric modulated arc therapy for high-grade
gliomas using 3,4-dihydroxy-6-['®FIfluoro-L-phenylala-
nine ("8F-FDOPA) positron emission tomography (PET)
could achieve dose-escalated coverage of biological
target volumes (BTVs) without increasing the dose to
cranial organs at risk (OARS).

Methods: 10 patients with high-grade gliomas underwent
CT, MR, and "®F-FDOPA PET/CT images for post-opera-
tive radiation therapy planning. Two volumetric modu-
lated arc therapy plans were retrospectively generated
for each patient: a conventional plan with 60 Gy in 30
fractions to the planning target volume delineated on
MRI and a dose-escalated plan with a maximum dose
of 80 Gy in 30 fractions to BTVs. BTVs were created by
thresholding '®F-FDOPA PET/CT uptake using a linear
quadratic model that assumed tracer uptake was linearly

INTRODUCTION

Glioblastoma is the most common primary brain malig-
nancy.! Despite aggressive multimodality management, the
prognosis is poor, with median survival ranging from 15 to
21 months.?* The current treatment paradigm for glioblas-
toma consists of maximal safe resection, followed by radi-
ation therapy with concurrent and adjuvant temozolimide
(TMZ). Emerging data also support the use of tumour
treating fields in selected patients.* The standard radiation
dose for non-elderly patients with glioblastoma, 60 Gy in 30
fractions, was established in the 1990s, when a randomized
controlled trial demonstrated improved survival in compar-
ison to 45 Gy in 20 fractions.” Since then, a number of strat-
egies have been tested to further escalate the prescription
dose in glioblastoma, including brachytherapy,® stereotactic

related to tumour cell density. The maximum doses and
equivalent uniform doses of OARs were compared.
Results: The median volume of the planning target
volume receiving at least 95% of the prescribed dose
(Vgs%) was 99.6% with and 99.5% without dose painting.
The median Vg5, was >99.2% for BTVs. The maximum
doses and equivalent uniform doses to the OARs did not
differ significantly between the conventional and dose-
painted plans.

Conclusion: Using commercially available treatment
planning software, dose painting for high-grade gliomas
was feasible with good BTV coverage and no significant
change in the dose to OARs.

Advances in knowledge: A novel treatment planning
strategy was used to achieve dose painting for gliomas
with BTVs obtained from '®F-FDOPA PET/CT using a
radiobiological model.

radiosurgery,” and altered fractionation using conventional
MRI?® Performed in the pre-TMZ era, these trials consis-
tently found an increase in the risk of radionecrosis, and
despite a reduction in the risk of central relapse, there was
no survival advantage with dose escalation. However, in
the TMZ era, there is renewed optimism that dose escala-
tion using a simultaneous integrated boost may improve
outcomes’ and this strategy is being formally tested in the
ongoing NRG Oncology BN0OI trial."’

Another approach to dose escalation is to selectively target
residual macroscopic or biologically aggressive disease.
Positron emission tomography (PET) with amino acid
tracers, such as ''C-methionine ('!C-MET), '*F-fluo-
roethyltyrosine (*F-FET) and 3,4-dihydroxy-6-[18F]
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fluoro-L-phenylalanine (**F-FDOPA), can identify macroscopic
residual disease because these tracers are taken up by cells using a
specific amino acid transport system. Increased protein synthesis
and upregulation of the amino acid transporter in the supporting
vasculature of brain tumour tissue is responsible for increased
amino acid transport into tumour cells. PET imaging with amino
acid tracers can visualize disease that is not clearly identified on
T, weighted MRI with gadolinium contrast enhancement and
may be able to distinguish between viable tumour and oedema
in regions of high signal on T, weighted MRL'"** It may also
identify regions of elevated cellular density and higher-grade
disease, which can be used to delineate a high-risk subvolume
for dose escalation.'

With accruing evidence to suggest that PET imaging provides
complementary, additional information to MRI, there has been
recent interest in using a PET-guided dose escalation approach
in gliomas. For example, a previous clinical trial in high-grade
gliomas'* investigated dose escalation with an integrated boost to
72 Gy in 30 fractions to a target defined by a single '*F-FET PET
threshold. The study did not demonstrate a therapeutic benefit
in comparison to historical outcomes, but it did not employ dose
painting. A subsequent analysis showed that the original '*F-FET
PET defined tumour volume with an additional margin of 7 mm
covered recurrent '®F-FET PET tumour volumes.'® Other studies
investigating patterns of failure in glioma also suggest that local
recurrences may preferentially occur in areas of high amino acid
tracer uptake.'®

While clinical outcomes with uniform dose escalation in high-
grade gliomas have been disappointing because of non-cen-
tral relapses and radionecrosis, dose painting'’ may provide
an opportunity to maximize disease control, while minimizing
the risk of radionecrosis. A voxel-by-voxel prescription of dose
according to radiotracer uptake (dose painting by numbers)'*~%!
is an attractive method to achieve dose escalation with strong
biological rationale. In this study, we investigate whether dose
painting with volumetric modulated arc therapy (VMAT) for
high-grade gliomas using '*F-FDOPA PET can achieve dose-es-
calated coverage to biological tumour volumes (BTVs) without
increasing the dose to cranial organs at risk (OARs) using
commercially available treatment planning software.

METHODS AND MATERIALS

Patients and imaging

This study recruited 10 patients with histologically confirmed,
newly diagnosed glioma. Patients were at least 18 years of age,
had a contrast-enhancing mass on diagnostic brain CT or MRI
that strongly suggested a diagnosis of World Health Organiza-
tion Grade IIT or IV glioma prior to surgery, had a Karnofsky
Performance Status of 70 or greater, and had a glomerular filtra-
tion rate of 60 mL/min or greater. The study excluded subjects
who had indication for urgent craniotomy to relieve mass effect,
had gadolinium enhancement or T, signal that involved the basal
ganglia, had previous intracranial malignancy or any invasive
malignancy unless free of disease for at least 5 years, prior cranial
irradiation, were taking medication for the treatment of Parkin-
son’s disease, or had allergies or contraindications to contrast
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MRI or radiation therapy. The National Institutes of Health clin-
ical trial identifier for this study was NCT01248754.%

Each patient underwent CT (3 mm slice thickness), MRI and
"F-FDOPA PET/CT imaging prior to post-operative radiation
therapy. MRI consisted of gadolinium-enhanced T; weighted
images with the turbo spin-echo sequence [echo time (TE) = 14
ms, pixel resolution = 1 mm, slice thickness = 3 mm] and T,
weighted fluid attenuated inversion recovery images (TE = 97
ms, pixel resolution = 0.5 mm, slice thickness = 3 mm) obtained
with a 1.5 T Siemens MAGNETOM Symphony Tim system
(Siemens Healthcare, Erlangen, Germany). "*F-FDOPA PET/CT
images were obtained with a Siemens Biograph-16 Hi-Rez PET/
CT system (Knoxville, TN). '®F-FDOPA was synthesized by use
of a previously published procedure.” Non-contrast CT and 15
min three-dimensional PET images were obtained of the brain
40 min following injection. The attenuation-corrected PET data
were reconstructed using an iterative ordered-subset expectation
maximization algorithm (matrix = 336x336, brain mode, zoom
= 2.5, subsets = 8, iterations = 6, gaussian filter = 2 mm).

All images (planning CT, MRI, and PET/CT) were imported into
Eclipse treatment planning system (Varian Medical Systems,
Palo Alto, CA) and fused using the auto-matching registration
algorithm. Image fusion details were described in a previous
study.!’ The planning CT images were fused both to the MRI and
the CT images PET/CT image set.

Volume delineation

Target volume and OAR delineations were imported from each
patient’s treated radiation therapy plan. The gross tumour volume
(GTV) was the contrast-enhancing tumour on T} weighted MRI.
The clinical target volume (CTV) was a 2 cm expansion of the
union of the GTV and the surgical cavity, expanded, if necessary,
to include all increased signal on T, weighted MRI. The plan-
ning target volume (PTV) was a 0.5 cm expansion of the CTV; it
was prescribed a dose of 60 Gy in 30 fractions. The OARs used
for treatment planning were: brainstem, optics_PRV [the optics
planning organ at risk (OAR) volume was a 5 mm expansion of a
continuous segmentation of the optic nerves and chiasm], ante-
rior chambers, and retinas. The normal brain volume excluding
the GTV (brain-GTV), the normal brain volume excluding
the PTV (brain-PTV), and contralateral hippocampus contour
were also generated. The following non-overlapping volumes
were also defined: PTV60, the portion of the PTV that did not
overlap with OARs; PTV54, the portion of the PTV that over-
lapped with the optics_PRV; PTV60Db, the portion of the PTV
that overlapped with the brainstem; and brainstem_opti and
optics_opti, the portions of the brainstem and optics_ PRV that
did not overlap the PTV.

The "*F-FDOPA PET uptake was used to generate simultaneous
integrated boost volumes. A radiation oncologist delineated a
dose-painting volume of interest on the '*F-FDOPA PET images
in consultation with a functional imaging specialist. Seven dose-
painting biological target volumes (BTVs), BTV62.5, BTV65,
BTV67.5, BTV70, BTV72.5, BTV75, and BTV77.5, were delin-
eated inside this volume by using thresholds of *F-FDOPA
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uptake. These volumes corresponded to discrete dose boosts of
62.5to 77.5 Gy, in steps of 2.5 Gy. To calculate the image intensity
threshold used to delineate a BTV, we used the linear quadratic
model for cell survival. If an image voxel with intensity I and
tumour cell density p receives a total dose D in ny= 30 fractions,
the tumour cell density p” that remains following irradiation is

o' = pexp (—aD — ,BDZ/nf). If we assume that image intensity

and tumour cell density were linearly related (I = by p + bo), then:

I=bypexp (aD + BDZ/nf) + by (1)

where b, and b; are constants.

The radiobiologic parameters for glioma were a = 0.06 Gy ' and
B = 0.006 Gy (a/B = 10 Gy).** If a minimum dose 60 Gy is
prescribed to an image intensity I,;,, a maximum dose 80 Gy
is prescribed to an image intensity I.,,,, and we required the
number of surviving number of tumour cells in each voxel to be
the same (p’ is constant), then the equation for image intensity
threshold was:

I=0.00276 (Insx — Iin) exp (@D + BD/ny)
+1.208]min — 0.208 max '

()

Previous studies using directed brain biopsies have consistently
detected glioma cells in brain regions that exhibit '*F-FDOPA
tracer uptake larger than the uptake of the contralateral basal
ganglia.*>?® Thus, we chose to biologically escalate dose in the
subvolumes of the dose-painting region of interest where the
PET image intensity was higher than the PET image intensity at
the anatomic border of the basal ganglia, as determined from the
fused planning MRI. Figure 1 shows the target volumes delin-
eated for a glioblastoma patient.

Radiation therapy planning

Two VMAT plans were generated for each patient: a conven-
tional plan without dose escalation delivering 95-110% of 60 Gy
in 30 fractions to the PTV and a plan with dose escalation up to
a maximum dose of 80 Gy. Plans were generated with the Eclipse
(Varian Medical Systems Inc. Palo Alto, CA) treatment planning
software using the Anisotropic Analytical Algorithm (v. 11.031)
for dose calculations and Progressive Resolution Optimization
for VMAT optimization. Plans were obtained using two 360° arcs
of a 6 MV photon beam from a Varian TrueBeam linear accel-
erator with High Definition 120-leaf multileaf collimator. The
plans were generated using the objectives shown in Table 1.

Evaluation of treatment plans

Cumulative dose-volume histograms (DVHs) were calculated
for all target volumes and OARs for both plans for all patients.
The volume of each target volume that received a dose of at least
95% of its prescribed dose (Vysy) was recorded. For each OAR
in each plan, the maximum dose and the equivalent uniform
dose (EUD) were calculated. The EUD was calculated using the

equation27: N n
EUD = (Z " NTD}/”>

i=1

(5)
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Figure 1. Target volumes shown on (a) CT, (b) T; weighted MRI,
and (c) "®F-FDOPA PET for a patient with a glioblastoma. The
window and level of the PET image are chosen to highlight
the BTVs. Panel (d) shows a close up of panel (c). ®F-FDOPA,
3,4-dihydroxy-6-[18F]fluoro-l-phenylalanine;BTVs, biological
target volumes.

BTV72.5

BTV77.5
GTV

PTV60

where n was the volume dependence parameter,”® v; is the

relative volume of a structure that receives a normalized total
dose of NTD;, and the normalized total dose was calculated
using the equation:

a/BJrD/nf
NTD =D (szc’y) (6)

with a/B = 2 Gy for all OARs.”! Statistical comparisons were
performed using the two-sided paired Wilcoxon sign-rank test
(a=0.05).

RESULTS

Table 2 shows patient characteristics for this study. The median
PTV60 volume was 391 cm’ (range, 251-651 cm?®) and the
median dose escalation volume was 25 cm® (7-110 cm®). The
PTV overlapped with the brainstem in one patient and optics_
PRV in four patients. It was possible to produce dose-painted
plans for all cases without sacrificing target coverage (Table 3).
The median volume of the PTV60 receiving 95% of the prescribed
dose (Vgso;) was 99.5% (94.9-99.9%) for conventional plans and
99.6% (95.0-100.0%) for dose-painted plans (p = 0.5). Figure 2
shows an example of the dose distribution for the conventional
and dose-painted plans for a sample patient. Figure 3(a) shows
sample target volume DVHs.
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Table 1. Dose-volume histogram constraints used for volumetric modulated arc therapy.

Constraint
Structure Conventional plan Dose painting plan
PTV54 Vi1 Gy 298% and Vsg g, <1% Vs13 Gy 298% and Vg 6, <1%
PTVe60 Voso, = 98% and D, <110% Voso, = 98% and Dy, <110% for PTV60 outside of BT Vs
PTV60b Vs, = 98% and D, < 60 Gy Vs = 98% and D, < 60 Gy
Optics_PRV Vsy gy <1% Vsygy <1%
Brainstem Doy <60 Gy Dy <60 Gy
Retina Doy <45 Gy Dpax < 45 Gy
Anterior chamber Dyax < 10 Gy Dyax < 10 Gy

BTV62.5 — Vi Gy 295%
BTV65 — Vs Gy 295%
BTV67.5 — Va1 Gy 295%
BTV70 — Vios Gy 295%
BTV72.5 — Vigs Gy 295%
BTV75 — V13 Gy 295%
BTV77.5 — V73,6 Gy 295% and Dppay < 80 Gy

V, is the percentage volume of a structure that received a dose of x or greater.BTV, biological target volumes; Dy,.x = maximum dose;PTV, planning

target volume.

Table 4 shows the comparison of maximum dose and EUD of
each OAR for conventional plans and dose-painted plans. In
all plans, there was no statistically significant difference in the
maximum dose or EUD for the optics, brainstem, retina, and
anterior chamber. Similar DVHs were obtained for all OARs

Table 2. Patient characteristics

Number of patients 10
Sex

Female 4 (40%)

Male 6 (60%)
Age, median (range) 56 (19-80)
Histology

Anaplastic astrocytoma 1(10%)

Anaplastic oligodendroglioma 1(10%)

Glioblastoma 8 (80%)
Extent of resection®

Gross total resection 4 (40%)

Partial resection 4 (40%)

Biopsy only 2 (20%)
Time, median (range)

Surgery to MRI 19 (2-35)

Pre-op PET/CT to surgery 7 (5-7)

Surgery to post-op PET/CT 31 (18-41)

PET, positron emission tomography.
2Extent of resection was judged with gadolinium contrast on T,
weighted MRI.

for both conventional and dose-painted plans (Figure 3(b)).
The maximum dose in the brain-PTV and contralateral hippo-
campus was not statistically different between conventional and
dose painting plans. While dose escalation led to a small, but
statically significant increase of the brain-PTV and brain-GTV
EUD, the contralateral hippocampus EUD was not significantly
different between plans.

DISCUSSION

This study has shown that dose painting with *F-FDOPA
PET-defined BTV contours was feasible using commercially
available planning software without increasing the dose deliv-
ered to cranial OARs. By delivering higher doses to regions with
a greater burden of disease, as identified with the '*F-FDOPA
tracer, we expect that this technique would offer better disease
control than conventional radiotherapy for high-grade gliomas.

This dose painting method relied on experimentally derived
radiobiological parameters for the assignment of dose painting
thresholds. Qi et al** reported large variations in the radiosen-
sitivity and repair parameters for gliomas: a = 0.06+0.05 Gy "
and a/P = 10.0£15.1 Gy. The choice of these values is important
in optimizing the therapeutic ratio and further research is
needed to determine the appropriate parameters to use in this
model. A subsequent analysis is warranted to determine how
variation of a and P in the range reported by Qi et al** may
affect boost volumes. In the future, genomic assays of radio-
sensitivity may provide the necessary radiobiological data for
optimal dose escalation of individual gliomas.*® Previous plan-
ning studies®>** reported dose painting by numbers for gliomas
using linear models to map image intensity or standardized
uptake value to dose. Our model improved on this approach
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Table 3. Vg59, and mean dose for target volumes for conventional VMAT plans and dose-painted plans

Vose, (%) Mean dose (Gy)
Structure Conventional Dose painting P Conventional Dose painting P
PTV60 99.5 (94.9-99.9) 99.6 (95.0-100.0) 0.5 60.0 (59.8-61.5) 60.0 (59.6-61.3) 0.5
BTV62.5 — 100.0 (98.2-100.0) — — 62.7 (61.8-63.6) —
BTV65 — 99.9 (89.6-100.0) — — 64.4 (63.6-64.9) —
BTV67.5 — 99.8 (74.7-100.0) — — 66.4 (65.1-67.2) —
BTV70 — 99.2 (61.0-100.0) — — 68.7 (66.9-69.3) —
BTV72.5 — 99.7 (61.5-100.0) — — 71.1 (69.4-72.2) —
BTV75 — 99.7 (83.2-100.0) — — 74.1 (72.6-75.2) —
BTV77.5 — 99.9 (98.8-100.0) — — 76.3 (75.4-77.7) —

BTV, biological target volume; PTV, planning target volume; VMAT, volumetric modulated arc therapy.

Median values are shown with the range in parentheses.

by mapping image intensity to dose by using a radiobiological
model.

This study has a few limitations, such as the small number of
patients (n = 10). In addition, it did not include patients with
tumours near the basal ganglia since there is intense normal
uptake of '®F-FDOPA in these structures, which decreases
the contrast ratio that required for robust dose painting
techniques. While other amino acid tracers (*'C-MET and

18E_FET) do not have this limitation, '*F-FDOPA has its own
advantages including a longer half-life compared to ''C-MET
and superior contrast ratios outside the striatum compared
to '8F-FET, and is felt to perform comparably to other radio-
tracers in imaging malignant gliomas.”® >’ In addition,
post-surgical changes around the resection cavity can exhibit
tracer uptake because of high levels of amino acid transport by
activated macrophages or '*F-FDOPA leakage due to disrup-
tion of the blood-brain barrier.?® This challenge was partially

Figure 2. Isodose lines are shown for (a-c) conventional volumetric modulated arc therapy plans and (d-f) dose-painted plans on

transverse, coronal, and sagittal CT images.

Structures:

(e)

PTV60b

Isodoses:

75 Gy (125%)

70 Gy (117%) |
|

63 Gy (105%) (f)

57 Gy (95%)

30 Gy (50%)

12 Gy (20%)
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Figure 3. Panel (a) shows the DVHs for the PTV without dose escalation (solid lines) and the PTV and BTVs with dose painting
(dashed lines) for a sample patient. Panel (b) shows DVHs for organs at risk for plans without dose escalation (solid lines) and

with dose painting (dashed lines) for the same sample patient. BTVs, biological target volumes; DVH, dose-volume histogram;
PTV, planning target volume.

(@
100 \ HARR RN
. Conventional Plan
wmmmn DOge Palntlng Plan
g\o, 60 PTV60
g — BTV62.5
£ BTV65
(o]
S 40 — BTV67.5
BTV70
20 : BTV72.5
] e BTV75
. =. .'| — BTV77.5
0 10 20 30 40 50 60 80
Dose (Gy)
®) 400

Conventional Plan
wamnn DOSE Palntlng Plan

= Qptics_opti
Brainstem_opti

L Retina

- R Retina

= | Ant Chamber
= R Ant Chamber
Normal Brain-PTV
=== Hippocampus

Volume (%)

Dose (Gy)

Table 4. Dosimetric comparison of organs at risk for conventional volumetric modulated arc therapy plans and dose-painted plans

Maximum dose (Gy) EUD (Gy)
Dose
Structure Conventional Dose painting p Conventional painting p n
Optics_PRV 16.7 (5.2-53.6) 14.2 (5.3-53.7) 0.9 5.6 (1.5-35.0) 5.4 (1.6-33.8) 0.6 0.25
Brainstem 53.4 (13.1-59.8) 53.1 (12.9-59.4) 0.05 31.6 (2.9-46.2) 31.8 (2.9-46.6) 0.9 0.16
Retina 7.8 (2.0-34.8) 6.9 (1.9-32.6) 0.05 2.7 (0.7-12.1) 2.7 (0.7-11.8) 0.14 0.2
Anterior chamber 6.2 (1.6-8.9) 6.1 (1.5-9.5) 0.14 2.0 (0.7-3.4) 2.1(0.7-3.3) 0.6 0.3
Brain-GTV 62.7 (62.6-64.5) 76.9 (66.8-79.0) 0.002 441 (37.0-48.9) | 44.2(36.5-49.1) 0.03 0.25
Brain-PTV 61.1 (59.2-62.3) 61.6 (59.7-62.7) 0.10 319 (25.8-35.3) | 33.3(26.9-36.6) | 0.006 0.25
Contralateral hippocampus 51.8 (10.5-61.6) 50.9 (10.2-62.2) 0.7 30.8 (2.7-54.1) 31.5 (2.6-54.5) 0.4 0.25

GTV, gross tumour volume; PTV, planning target volume.

Median values are shown with the range in parentheses. n is the volume dependence parameter used for EUD calculations.
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mitigated by having a radiation oncologist, with experience in
contouring on '®F-FDOPA PET images, delineate volumes of
interest for dose escalation in consultation with a functional
imaging specialist. Another issue is that our radiobiolog-
ical modelling was informed by limited knowledge about the
precise relationship between 'F-FDOPA tracer uptake and
tumour cell density.”®*® Greater knowledge about the relation-
ship between "*F-FDOPA tracer standardized uptake values
and tumour cell density for high-grade gliomas might justify
maximum dose escalation over 80 Gy in some patients and less
than 80 Gy in other patients. The current study utilized an 80
Gy maximum dose escalation threshold in keeping with the
maximum dose criterion in the experimental arm of the NRG
BNOO1 trial (Dg g3 <80 Gy). This maximum dose was chosen
to not increase the risk of radionecrosis compared to previous
clinical trials.*0~%?

This study assumed that the efficacy of radiotherapy is only
correlated with the density of glioma cells. It is known that other
biological parameters such as hypoxia affect radiotherapy efficacy
and it is not always correlated to cell density. This is particularly
of importance in glioblastoma, where hypoxia has well-es-
tablished role in radioresistance and tumour progression.*>**
Imaging biomarkers able to evaluate the level of hypoxia such
as "®F-fluoromisonidazole and '®F-flortanidazole PET may be
useful for dose escalation.**® In addition, *F-fluorothymidine
PET has been correlated to cellular markers of cell proliferation
in glioma*” and may translate clinically into individualized treat-
ments for glioma.*®

The impact of PET image acquisition parameters and reconstruc-
tion algorithms on dose painting by contours also needs to be
established. Correction of the partial volume effect is important.
The prescribed dose escalation in this study could occur over
small distances (Figure 1(d)) and the partial volume effect could
greatly impact delineation of the dose escalation contours. BT Vs

BJR

generated with the radiobiological model used in this study
could result in small boost volumes with high dose gradients that
are not necessarily physically achievable.

This dosimetric planning study includes no clinical outcomes
or toxicity data and a prospective clinical trial is required to
demonstrate the efficacy and safety of the dose painting method
investigated in this study. While dose escalation volumes can be
delineated manually in commercial treatment planning software,
scripts that automatically delineate BT'Vs would be beneficial
for standardizing delineations if multiple centers are involved. A
dose-exploration trial could test different levels of dose escala-
tion for different levels of PET uptake across multiple patients.
On-treatment and post-treatment PET/CT imaging could be
obtained to assess the change of PET tracer uptake at various
dose levels. The changes in uptake between the pre-treatment,
on-treatment and post-treatment PET scans could be compared
to provide three-dimensional dose-response information in
high-grade gliomas. This information would be valuable for
further optimization of the dose painting algorithm.

CONCLUSIONS

Using a commercially available VMAT treatment planning
system, it was feasible to generate dose painted-by-contour
plans for BTV contours that were generated by thresholding
"E_FDOPA PET images of high-grade gliomas. Further study is
planned to investigate the clinical impact of the proposed dose-
painting technique.
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