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ABSTRACT
Background: Dose escalation has been associated with improved biochemical control for prostate
cancer. Focusing the high dose on the MRI-defined intraprostatic lesions (IL) could spare the surround-
ing organs at risk and hence allow further escalation. We compare treatment efficacy between state-
of-the-art focally-boosted proton and photon-based radiotherapy, and investigate possible predictive
guidelines regarding individualized treatment prescriptions.
Material and methods: Ten prostate cancer patients with well-defined ILs were selected. Multiparametric
MRI was used to delineate ILs, which were transferred to the planning CT via image registration. Pencil
beam scanning proton therapy and volumetric modulated arc therapy treatment plans, were created for
each patient. Each modality featured 6 plans: (1) moderately hypofractionated dose: 70Gy to the prostate
in 28 fractions, (2)–(6) plan 1 plus additional simultaneous-integrated-boost to ILs to 75.6, 81.2, 86.6, 98
and 112Gy in 28 fractions. Equivalent dose to 2Gy-per-fraction (EqD2) was used to calculate tumor control
(TCP) and normal tissue complication probabilities (NTCP) for ILs and organs-at-risk.
Results: For both modalities, the maximum necessary dose to achieve TCP > 99% was 98Gy for very
high-risk ILs. For lower risk ILs lower doses were sufficient. NTCP was <25% and 35% for protons and
photons at the maximum dose escalation, respectively. For the cases and beam characteristics considered,
proton therapy was dosimetrically superior when IL was >4 cc or located <2.5mm from the rectum.
Conclusion: This work demonstrated the potential role for proton therapy in the setting of prostate
focal dose escalation. We propose that anatomical characteristic could be used as criteria to identify
patients who would benefit from proton treatment.
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Introduction

Despite continuous evolution of treatment options, the 10-
year biochemical recurrence rates among high-risk prostate
cancer patients remain substantial even after radical prosta-
tectomy or conventional radiotherapy (up to 40 and 50%,
retrospectively) [1–3]. Metastatic development (especially
bone) could emerge following biochemical recurrence. The
efficacy of radiotherapy (RT) for prostate cancer is strongly
dependent on the delivered dose. Studies on uniform dose
escalation of the prostate indicated approximately 10–15%
reduction in rates of progression or biochemical relapse as a
result of �10Gy uniform dose escalation [4–8]. However, uni-
form dose escalation could also be associated with increased
risk of acute and late toxicities and is thus limited in applica-
tion. Given that prostate cancer is a multifocal disease with
often confined and localized intraprostatic lesions (ILs) with
variable malignancy, focal dose escalations might be the
optimal solution to improve disease control while sparing
the organs at risk (OAR).

Imaging plays a key role in accurately identifying the ILs.
Multi-parametric magnetic resonance imaging (mpMRI) is rou-
tine clinical practice for the detection of clinically significant
prostate cancer. The relevant sequences typically include T1/
T2-weighted MRI, diffusion-weighted imaging (DWI) that
measures the diffusion of water molecules within the tissue,
and dynamic contrast-enhanced (DCE) MRI that assesses the
perfusion of contrast through microvessels. The inclusion of
magnetic resonance spectroscopy (MRS) has also been investi-
gated in some non-clinical studies to image the metabolite
distribution within the prostate [9]. Previous studies have vali-
dated mpMRI with whole-mount prostatectomy specimens
and have found significant correlation (sensitivity >70% and
specificity >80%) [10,11], with a negative predictive value of
up to 90% [12,13]. There is also growing evidence supporting
the promising use of prostate-specific membrane antigen
(PSMA) PET imaging for IL delineation [14].

Several clinical studies have demonstrated the feasibility
of image-guided moderate boosts to ILs [15–23]. A phase 3
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multicenter randomized clinical trial of patients with patho-
logically confirmed localized intermediate or high-risk pros-
tate cancer included a standard arm (n¼ 287) receiving
77Gy to the entire prostate and an experimental arm
(n¼ 284) with a simultaneous micro boost to the ILs to 95Gy
total delivered by intensity-modulated radiotherapy (IMRT) in
35 fractions [18]. At a 55-month median follow up there was
no observed increase in genitourinary (GU) and gastrointes-
tinal (GI) toxicities in the study arm compared to the stand-
ard arm [19].

In light of such promising findings and continuing contro-
versies regarding the benefits of proton therapy for prostate
cancer, we aimed to compare focal dose escalations to ILs
using state-of-the-art protons and photons in the context of
therapeutic ratio. We investigated the level of largest achiev-
able dose escalation by each modality considering the OAR
toxicity constraints and studied strategies to limit rectal tox-
icities to enable potentially larger dose escalations for ILs
closer to the rectum (in the peripheral zone of the prostate).
We then evaluated the lowest clinically necessary focal dose
for both modalities: the smallest boost to effectively maxi-
mize tumor control beyond which Tumor control probability
(TCP) would plateau. Considering disease and patient vari-
ability, we further assessed individualized guidelines regard-
ing the preferred treatment modality and optimal boost to
serve as patient selection criteria for future clinical trials.

Material and methods

Patients, imaging, and IL definition

We included 10 patients with intermediate or high-risk prostate
cancer with well-defined representative ILs. Diagnostic mpMRI
was acquired for all patients as standard of clinical practice for
staging purposes, even though the patients were actually
treated using conventional uniform dose to the entire prostate.
MR sequences included fast spin-echo T2-weighted (TR ¼
3000ms, TE¼ 93.4ms) and spin-echo echo-planar DWI (TR ¼
3000ms, TE¼ 53.5ms, pixel spacing ¼1.6mm, slice thickness¼
4mm) acquired on a 3T GE Discovery MR750 scanner. Most ILs
were located in the peripheral zone while a few were situated
in the anterior stroma and transition zones. A summary of
patient characteristics can be found in Table 1. Although
patient 5 did not have a rectum, this data was included to
assess dose escalation in complex-shaped ILs. The ILs were
delineated by an experienced physician radiologist on T2-
weighted MRI while using the fused apparent diffusion

coefficient (ADC) images as guidance. The IL contours were
consequently transferred onto the planning CT via rigid (n¼ 6)
or deformable image registration (n¼ 4). Deformable registra-
tion was used in cases where the substantial difference in pros-
tate shape was seen between MRI and CT, and was
accomplished using Plastimatch software [24], by matching the
prostate gland contours and the neighboring bony landmarks
between the image pair (see Figure 1). To assess the possibility
of sparing the rectum through the application of hydrogel
spacers, especially important for ILs in the peripheral zone, we
modeled hypothetical 7mm thick (average in our institution)
spacers by uniformly translating the rectum posteriorly for
all patients.

Treatment planning

Proton and photon treatment plans were created and 6 plan-
ning scenarios were investigated for each patient: moderate
hypofractionation with a uniform dose of 70Gy to the entire
prostate and 50.4Gy to the seminal vesicles (SV) in 28 frac-
tions, and 5 plans with the same base dose but added simul-
taneous integrated boost for a total dose of 75.6, 81.2, 86.8,
98 and 112Gy to the ILs, chosen as even increments of dose-
per-fraction. All plans were deliverable. Clinical Target
Volumes (CTV) included prostate and prostate plus proximal
SVs, and Planning Target Volumes (PTV) were created by
expanding the corresponding CTVs by 5mm (4mm posterior).
The ILs were isotropically expanded by 2mm to create the
focal PTVs, used as a boost target during treatment planning.
This margin was found adequate given the high accuracy of
IL identification (IL > 0.5 cc), treatment robustness, and con-
sidering the consequent dosimetric tradeoffs (i.e., overdosing
OAR outweighs the risk of underdosing ILs given the standard
70Gy baseline dose), consistent with previous studies [25,26].
The urethra was delineated on the T2W images.

Proton plans were generated using the Astroid v2 treat-
ment planning system [27–29]. A fixed relative biological
effectiveness (RBE) of 1.1 was used. Bilateral opposed beams
with single field optimization (SFO) were applied to ensure
adequate plan robustness with respect to the proton ran-
geuncertainty. The spot size was �3mm median sigma at
the relevant beam range (18–30 cm) at the isocenter in the
air as achievable on our synchrotron-based gantry. The spot
spacing was set to 0.8 sigma and layer spacing to 0.8 times
the width of the most distal Bragg peak at 80% dose.
Robustness to range uncertainties was confirmed by per-
forming dose recalculations after ±3.5% rescaling of the HU

Table 1. Patient-specific anatomy characteristics.

Patient
Prostate

volume (cc)
IL

volume (cc)
IL location
in prostate

Bladder size
at simulation (cc)

Closest distance between
IL and rectum (mm)

1 49.7 1.21 Post. left 516.46 2.4
2 26.3 2.34 Ant. left 233.62 15.9
3 67.8 4.04 Ant. left 336.77 15.4
4 65.6 1.25 Post. right 126.68 2.6
5 45.9 3.76 Center 473.18 Ileostomy: no rectum
6 86.5 1.87 Post. right 265.46 2.1
7 59.6 0.77 Post. left 195.46 10.5
8 36.4 1.85 Post. left 250.01 1.2
9 31.1 1.5 Post. right 548.87 2.1
10 65.7 0.65 Ant. right 131.72 31.3
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to relative stopping power. The photon plans were created
using RayStation planning system (RaySearch Laboratories,
Sweden) in volumetric modulated arc therapy (VMAT) mode
with 2 full arcs with opposite rotations, 6MV photon energy,
20 degrees collimator angle, and 0.5 cm leaf width at
the isocenter.

Multicriteria optimization was used for both modalities.
The dose to OARs including bladder, rectum, femoral heads,
and the penile bulb was minimized similarly for both modal-
ities. OAR constraints were adopted from an ongoing multi-
institutional randomized clinical trial (see Table S1 in
Supplementary material) [30]. Additionally, bladder high dose
(D1cc) was assessed as a measure of plan acceptability.
Bladder D1cc >75Gy and D1cc >80Gy were recorded,
respectively, as minor and major deviations from the con-
straint guidelines. The urethra was not included in the opti-
mization, however, care was taken to keep the dose
escalations highly conformal by requiring a uniform dose of
70Gy in the prostate minus the ILs as a tradeoff objective, to
spare this organ.

Tumor control modeling

The treatment response for each planning scenario was com-
pared using the TCP model based on the concept of general-
ized equivalent uniform dose (EUD) [31]. EUD is a uniform
dose distribution that leads to an equivalent cell kill to a
given heterogeneous dose distribution (Equation (1)).

EUD ¼
X
i

viDa
i

� �1=a
(1)

Parameter a is a tissue-specific parameter (a ¼ �10 for
tumor and ¼8 for OARs), and vi and Di are bins of the differ-
ential dose-volume histogram (DVH).

This TCP formulation is advantageous because it considers
the biological effect of the entire dose distribution rather
than at a certain point (Equation (2)). The normal tissue com-
plication probability (NTCP) was also based on the same for-
mulation but with different parameter representation.

Nð ÞTCP ¼ 1

1þ TD50
EUD

� �4c50 (2)

Here TD50 in the dose level with 50% response probability
or 50% normal tissue complication probability (TD50 ¼ 72.8,
77.3, 82.3, 95 Gy for low-, intermediate-, high- and very high-
risk lesions, ¼57.3 Gy for prostate, and ¼80Gy for bladder
and rectum), c50 is the slope of the dose-response curve (c50
¼ 4 used for all organs) and d is the dose per fraction. The
(N)TCP model parameters used were adapted from the litera-
ture [32–34]. Based on the assumption of higher clonogenic
tumor density and hypoxic subvolumes, ILs were considered
to be of higher disease risk than the rest of the prostate tis-
sue and were hence assigned different TD50 parameters.
Toxicity endpoints were contracture for bladder and grade >

2 bleeding for the rectum. The biological effect due to hypo-
fractionation was included for all 6 plan scenarios (i.e., uni-
form and boosted) by replacing the dose (D) in Equation (2)
by EqD2 (Equation (3)), which includes the linear-quadratic
ratio (a/b) describing the fractionation sensitivity of each tis-
sue (a/b¼ 1.5 and 3Gy for tumor and ¼3Gy for OARs).

EqD2 ¼ D:
d þ a=b
2þ a=b

� �
(3)

Based on this formalism, the focal boosts applied are 90.7,
102.1, 113.6, 140, and 176Gy EqD2 for a/b¼ 1.5 Gy.

Paired-sample Wilcoxon test was used for statistical com-
parison of TCP and NTCP among different scenarios
and modalities.

Figure 1. Intraprostatic lesions delineated on T2-weighted MRI and apparent diffusion coefficient (ADC) maps and transferred to CT for planning, for (a) patient 7
and (b) patient 3.
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Results

Maximum achievable dose escalation

Figure 2 illustrates the dose-escalated proton and photon
physical dose distributions and corresponding DVH for
patients with anterior and posterior ILs (patients 3 and 4). As
the DVHs illustrate, due to dose conformity, the impact of the
IL boost on the OAR dose is relatively small, potentially lead-
ing to an increased therapeutic ratio for both modalities. The
conformity index was comparable between modalities and
independent from the level of dose escalation. The average
increase in mean dose/V66 for the bladder was 1.39Gy/0.43%
and 2.10Gy/1.33%, for protons and photons, respectively, and
for the rectum 2.30Gy/1.30% and 4.22Gy/2.20%, respectively.
The rectum mean dose was 14.2± 5.2Gy for protons and
29.2± 3.5Gy for photons at 98Gy boost level. Average rectum
V73.5 was 2.0 and 2.2 cc for protons and photons, respectively.
The maximum increase in average mean dose for the femoral
heads and penile bulb were 3.02 and 2.60Gy for protons and

0.08 and 2.36Gy for photons, for the largest boost.
Furthermore, mean and maximum urethra doses were on
average 65Gy and 90Gy and up to 87Gy and 98Gy, for the
98Gy boost level, respectively. The average urethra mean
dose was up to 2.5Gy larger for photons than protons
depending on the boost level.

The dose-escalated plans for both modalities satisfied
most constraints with the exception of the maximum doses
(D1cc) to the rectum and bladder. Increasing the separation
between the prostate and the rectum, assuming hypothetical
spacers, was highly effective in reducing the rectal D1cc

below the clinical constraints. For protons, all other rectal
constraints remained satisfied despite the increasing dose
escalation. For photons, V35 showed minor deviations in a
few patient cases at 98 and 112Gy dose levels. Both protons
and photons saw an increase in bladder D1cc beyond the
aimed dose limit. Major deviations of the bladder high dose
limit were more prevalent for protons than photons for dose
escalations larger than 86.6 Gy. In addition, 0 and 40% of

Figure 2. Proton and photon dose distributions and DVHs for example patients with (a) anterior and (b) posterior ILs.
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cases exhibited minor deviations of the femoral head con-
straint for 98 and 112Gy boost with protons, in comparison
with 20 and 10%, respectively, for photons. Penile bulb con-
straint remained compliant for all escalation levels for
both modalities.

Figure 3 compares the DVH metrics among dose-escal-
ation scenarios and modalities for all OARs. It is evident that
proton therapy lowers the dose at several rectal DVH points
compared to photons, but in turn, photons limit the high
dose to the bladder slightly better than protons. As shown
before, spacers were highly effective in lowering the rectal
high dose exposure in both modalities.

Biologically sufficient dose escalation

Figure 4 illustrates the effect of incremental focal dose escal-
ation on the IL TCP and the bladder and rectum (without
and with spacer) NTCP. Focal dose-escalation significantly
increases the IL TCP compared to conventional plans

(p< 0.05). Assuming tumor a/b¼ 3Gy, IL TCP was smaller by
up to 28% compared to a/b¼ 1.5 Gy. The TCP difference was
largest for the higher IL risk group, comparable between
modalities, and approached zero for larger dose escalation.
As seen, the IL risk group is a clear determinant of the level
of dose escalation required to achieve maximum tumor con-
trol. For both modalities, the maximum necessary dose escal-
ation was 98Gy to achieve >99% TCP for very high-risk
tumors. Beyond this dose, no additional TCP benefit was
observed, whereas the NTCP was found to continue increas-
ing rapidly. At 98Gy IL dose escalation, the median/max-
imum bladder NTCP was 8.43/19.98% for protons and 7.25/
20.71% for photons, respectively. For the rectum, the
median/maximum NTCP was 9.56/25.08% for protons and
10.13/35.52% for photons, respectively. When using spacers,
the median/maximum rectal NTCP significantly decreased
(p< 0.05) to 0.15/0.38% and 0.71/2.65% for protons and pho-
tons, respectively. The group difference between proton and
photon NTCP was not significant for bladder (p¼ 0.23) and
rectum (p¼ 0.16).

Figure 3. Comparison of DVH parameters between dose scenarios and modalities. Red horizontal lines indicate clinical protocol planning constraints.
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Protons vs. photons for individualized treatment

Although the differences between protons and photons for
focally boosted prostate treatments were relatively small in a
group setting, some key factors were identified that could
help determine the preferred individualized choice of modal-
ity. These factors were based on patient-specific anatomical
characteristics, which directly affected bladder and rectal
NTCP. For both modalities, bladder NTCP at 98Gy dose escal-
ation was found to be inversely correlated with the bladder
size at simulation (R2 > 0.8). The only outlier was patient 6,
for whom the bladder NTCP was considerably larger for pho-
tons than protons due to the bladder shape (wrapping
around the prostate). In practice, a very large bladder size
(>400 cc) might not be easily reproducible daily, which
would contribute to inter- and intra-fractional variability and
uncertainty in the delivered dose to the bladder and other
organs. All patients with ILs in close proximity to the anterior
rectal wall (<2.5mm) (n¼ 5) featured increased NTCP and
more severe violation of rectal D1cc constraint and larger
V73.5 (up to 1.2 cc) for photons compared to protons (see
Figure S1 in Supplementary material). Even after applying
spacers, minor deviations in rectal V35 persisted in case of
VMAT for dose escalations �98Gy, for 2 patients, one with
the largest IL volume (patient 3) and the other with very
large prostate volume but IL close to the rectum (patient 6).

Discussion

In this study, we explored the potential of proton and pho-
ton radiotherapy in the setting of mpMRI-guided focal dose
escalations of ILs. As expected, we observed increased chal-
lenges meeting planning constraints when escalating the
dose, especially in the bladder and rectal high dose (hot
spot) region (D1cc). Considering only low, intermediate, and
high-risk disease, dose escalations of, respectively, 75.6, 81.2
and 86.6 Gy would be sufficient for both modalities. We

found the maximum necessary dose escalation to be 98Gy
for all patients studied, yielding TCP > 99% for all disease
risks (including very high-risk) and maximum NTCP < 35%.
Hence, a dose escalation of 105% of TD50 appears to maxi-
mize the therapeutic ratio for all tumor risk groups for our
specific fractionation. Considering the entire cohort, we
found no statistically significant difference between modal-
ities regarding IL TCP and OAR NTCP. However, considering
individual patients, we did identify some characteristics that
could guide the best choice of modality. Patients with non-
standard bladder shapes, for example, prominent central
lobe due to benign hypertrophy, experienced larger bladder
dose with protons, whereas patients with large ILs and ones
in close distance to the rectum had larger rectum NTCP for
photons compared to protons. A larger sample will be
needed to confirm the validity of these criteria for triaging
patients between treatment modalities, which could be used
as a guide in future clinical trials.

Previous planning studies have demonstrated the feasibil-
ity of moderate focal boosting to achieve better treatment
outcomes than uniform dose escalation [17,25,33]. Biological
optimization by varying TCP model parameters for focally
boosted IMRT was found promising for improving the tumor
cell kill while minimizing the OAR damage [34]. Murray et al.
reported on the feasibility of boosting the ILs to 125% of the
prescribed dose when utilizing a 7-fraction SBRT regimen
and found rectal constraints to be a limiting factor in achiev-
ing higher escalation levels [35]. Clinical studies, for example,
FLAME and DELINEATE trials have demonstrated the feasibil-
ity of boosting the ILs for moderately hypofractionated regi-
mens and found no related excess patient toxicities [19,20].
There have been a few studies examining the role of proton
therapy for prostate cancer focal dose escalation [36–40].
These studies focused on either the feasibility of using pro-
tons for dose escalation or used a single limited boost to
assess the feasibility or robustness of external beam radio-
therapy modalities and HDR brachytherapy to patient

Figure 4. Comparison of IL (with different risks levels) TCP and OAR NTCP between dose escalation scenarios and modalities. Box plots represents median (mid-
line), the first and third quartiles (box limits) and the maximum and minimum of the population data (error bars).
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variations. Our study is unique in the sense that we com-
pared the most recent state-of-the-art proton (i.e., PBS) ver-
sus photon (i.e., VMAT) radiotherapy while determining the
maximum achievable and minimum necessary dose escal-
ation for each IL risk and identified criteria that might be
helpful in making the choice between modalities depending
on individualized patient characteristics.

A natural limitation of this study is that it relies on the
accuracy of the biological modeling tools and parameters for
calculating the TCP/NTCP. Hence, we mainly focused on
comparisons between modalities rather than absolute values.
We only studied bladder and rectum NTCPs for which model
parameters are well established and concentrated on dose
comparisons for other OARs. While the urethra dose was not
specifically included in the plan optimization, the focal dose
was kept conformal to minimize the high dose spill out.
Urethra dose assessed post-planning was in agreement with
a clinical study, which showed a similar incidence of GU tox-
icity between experimental and controls arms of the FLAME
trial [41]. Our hypothetical use of spacers led to a relatively
larger decrease (�30%) of rectal NTCP than observed previ-
ously [42,43]. This increased effect could be attributed to the
idealized approximation created by uniformly translating the
rectum posterior from the prostate, while in clinical scenarios
the increased organ separation created with the spacer is
spatially non-uniform. Although intensity-modulated proton
therapy (IMPT), and the use of beams other than laterally-
opposed, could reduce the femoral head dose, we chose to
use bilateral SFO proton beams with the intent to keep the
plans more robust to inter- and intra-fractional variations
and range uncertainty, given the acceptable dose to this
OAR for dose escalations up to 98Gy [44,45]. Although quan-
tifying the effects of such variations is out of the scope of
this study, we assume these can be minimized given the
effective use of immobilization devices and the potential
motion mitigation through adaptive image guidance (e.g.,
MRlinac). Another limitation could be relying on deformable
image registration for multimodality IL contour propagation.
However, recent studies have shown this could be suffi-
ciently accurate [46]. The availability of MR-based planning
could further alleviate this concern. It is worth noting that
the dosimetric constraints applied in this study are relatively
strict. However, the conclusions can be safely generalized
across institutions independently of the constraints. Future
related studies could include validating the suggested
patient assignment criteria and a subsequent clinical trial to
compare the outcomes of proton and photon-based
dose escalation.

Conclusions

Proton and Photon radiotherapy appear equally safe and
effective for focally boosted treatments of prostate cancer.
Our modeling study showed sufficient tumor control and
acceptable risk to the neighboring organs for even very
high-risk lesions for both modalities. The physical characteris-
tics of the lesion, prostate, and bladder might be suggestive
of the preferential choice between radiation modalities.
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