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Abstract

Purpose—To quantify and compare expected local tumor control and expected normal tissue
toxicities between selective boosting IMRT and homogeneous dose escalation IMRT for the case of
prostate cancer.

Methods—~Four different selective boosting scenarios and three different high-risk tumor
subvolume geometries were designed to compare selective boosting and homogeneous dose
escalation IMRT plans delivering the same equivalent uniform dose (EUD) to the entire PTV. For
each scenario, differences in tumor control probability between both boosting strategies were
calculated for the high-risk tumor subvolume and remaining lower-risk PTV, and were visualized
using voxel based iso-TCP maps. Differences in expected rectal and bladder complications were
quantified using radiobiological indices (generalized EUD (gEUD) and normal tissue complication
probability (NTCP)) as well as %-volumes.

Results—For all investigated scenarios and high-risk tumor subvolume geometries, selective
boosting IMRT improves expected TCP compared to homogeneous dose escalation IMRT, especially
when lack of control of the high-risk tumor subvolume could be the cause for tumor recurrence.
Employing, selective boosting IMRT significant increases in expected TCP can be achieved for the
high-risk tumor subvolumes. The 3 conventional selective boosting IMRT strategies, employing
physical dose objectives, did not show significant improvement in rectal and bladder sparing as
compared to their counterpart homogeneous dose escalation plans. However, risk-adaptive
optimization, utilizing radiobiological objective functions, resulted in reduction in NTCP for the
rectum when compared to its corresponding homogeneous dose escalation plan.

Conclusions—Selective boosting is a more effective method than homogeneous dose escalation
for achieving optimal treatment outcomes. Furthermore, risk-adaptive optimization increases the
therapeutic ratio as compared to conventional selective boosting IMRT.
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INTRODUCTION

Recent prospective, randomized trials have demonstrated that radiotherapy (RT) doses of less
or equal to 70 Gy delivered in 2Gy fractions are inadequate for curative treatment of clinically
localized prostate cancers [1,2,3,4]. Moreover, RT doses in excess of 76 Gy delivered in 2Gy
fractions are associated with extended survival rates and reduced incidence of distant
metastases as well as improvements in both biochemical and clinical local control of prostate
cancer [5,6]. As a result, many dose escalation trials for prostate cancer have been designed
and carried out [cf. 7-12]. Zelefsky and colleagues reported administering 86.4 Gy to the
planning target volume (PTV) using intensity-modulated radiotherapy (IMRT) and observed
at 24-month follow-up the same toxicity rate for 86.4 Gy IMRT and 81 Gy IMRT—indicating
that for IMRT tumor dose can be escalated above prescription dose levels that have been found
tolerable for 3D conformal radiotherapy [7]. A uniform target dose has been pursued in dose
escalation trials since the physiologic makeup of the target has been assumed to be reasonably
similar throughout. In reality, however a considerable spatial variation in radiobiological
characteristics exists throughout the treatment target—e.g. extent of tumor hypoxia, tumor cell
proliferation, and tumor cell density. Thus, one may label homogenous dose escalation a form
of ‘anatomic’ boosting IMRT in view that its nescient nature ignores the existence of
intratumoral high-risk subvolumes.

An alternative way of dose escalation recently proposed is selective boosting or dose painting.
Selective boosting utilizes functional or molecular imaging modalities to effectively deliver
radiation doses to achieve optimum RT outcome [13]. Tomé and Fowler found using modeling
that significant increases up from 50% to 75% in tumor control probability (TCP) can be
achieved for a small increase in the risk of necrosis, if tumor subvolumes comprising 60-80%
of the entire tumor are selectively boosted by 20 to 30% above the minimal peripheral dose
surrounding the entire tumor volume [14]. Pioneering studies in planning [8,15] and clinical
practice [9-12,16] using functional imaging have followed.

However, a comparison of selective boosting IMRT and homogeneous dose escalation IMRT,
has not been carried out for plans delivering the same equivalent uniform dose (EUD) to the
entire treatment target. Thus, the purpose of this study was to quantify which treatment strategy
is more effective in achieving optimal RT outcome in terms of local tumor control and normal
tissue sparing. We have generated a selective boosting and a homogeneous dose escalation
IMRT plan for four different boosting scenarios and for three different high-risk tumor
subvolume geometries. The resulting treatment plans were compared using both physical-dose-
volume measures and bio-effect measures to determine the possible improvement in the
therapeutic ratio for these techniques for different target geometries.

METHODS AND MATERIALS

IMRT Treatment Planning

The Philips Pinnacle treatment planning system (TPS) (Philips Medical Systems, Fitchburg,
Wisconsin), version 8.1u, was employed in the generation of all treatment plans. The same
equiangular beam arrangement consisting of seven coplanar fields, dose grid of 0.4 cm x 0.4
cm x 0.4 cm, and fraction size (2 Gy per fraction) were used for all investigated planning
strategies (cf. Table 1). A 0.5 cm volumetric margin was added to the clinical target volume
(CTV) to obtainthe PTV and a similar margin was employed for the high-risk tumor subvolume
(nodule) when contracting from PTV to rPTV (a remaining low risk PTV without nodule).

To carry out a comprehensive comparison of selective boosting and homogeneous dose
escalation for prostate cancer, we have constructed four different boosting scenarios (i.e.
scenario 1-4 in Table 1)]. For each selective boosting IMRT plan, a corresponding
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homogeneous dose escalation IMRT plan was generated, having the same EUD for the entire
PTV. Table 1 summarizes boosting levels and prescribed doses to the entire PTV for each
scenario. Scenario 1 and 2 are based on recent clinical studies [9-12]. Scenario 3 was designed
to study a more aggressive selective boosting IMRT strategy employing physical dose
objectives. While scenario 4 represents risk-adaptive optimization, which has been recently
proposed by us [8], we have chosen our parameters such that the minimal peripheral dose
surrounding the entire PTV is larger or equal to the standard IMRT dose prescription for
prostate cancer [6].

Three different high-risk tumor subvolume geometries were also constructed for each boosting
scenario. Figure 2 shows the high-risk tumor subvolumes, here after referred to as nodules,
which have been constructed in the posterior peripheral zone of the prostate. [9] The location
of the nodules has been based on the literature—since it has been reported that 74% of prostate
cancer foci are located in the area ventral to the rectum [17].

OAR constraints for scenario 1 and 2 were chosen such that the resulting DVHs satisfied all
clinical criteria set forth for the selective boosting strategies reported in [9-12]. Organs-at-risk
(OAR) constraints for scenario 3 were obtained from the Memorial Sloan Kettering Cancer
Center dose-escalation experience for prostate cancer and correspond to the 86.4 Gy
prescription dose level to the entire PTV [7]. Each homogeneous dose escalation plan employed
the same (OAR) constraints as its corresponding selective boosting plan.

Risk-Adaptive Optimization

With selective boosting IMRT, boosting levels for high risk tumor subvolumes are chosen in
one of three ways: 1) based on clinical experience (i.e. a clinician determined a boosting level
in terms of a physical dose), which represents the majority of present approaches [10-12,16],
2) based on functional imaging intensity for high-risk tumor subvolumes (i.e. the prescription
function is deduced from functional imaging intensities) [13,15], and 3) based on
radiobiological optimal trade-off between TCP and NTCP by using clinical parameters [8,
18].

Risk-adaptive optimization is an example of the third method of selective boosting while the
other three selective boosting strategies (scenario 1, scenario 2, and scenario 3) studied in this
paper are examples of the first method. In risk-adaptive optimization, attention is given to the
risk levels of different tumor subvolumes which are identified using a form of functional
imaging. The risk of a tumor subvolume is assessed by specifying clinical parameters for tumor
control such as the dose at which 50% of tumors are controlled (D5 ) and the relative slope of
the dose response curve (ysq ). Since a detailed discussion of risk-adaptive optimization has
been presented in Ref. 8, only portions relevant to the current discussion are repeated here.

Risk-adaptive optimization uses the clinical parameters (D5 and ysg) as its optimization
parameters instead of physical dose-volume constraints. Thus, the following tumor subvolume
risk classifications were used in this study (cf. Table 2): intermediate (M: Dsg = 72.8Gy ), high
(H: Dsg = 77.3Gy ), and very high (H+: Dsp = 82.3Gy ). These Dsgq values are motivated by
the recently published data of Levegrin et al. [19]. Levegriin and colleagues fit the prostate
biopsy outcome to TCP models for favorable, intermediate, and unfavorable prostate tumors
for 102 patients, and estimated Dsgq for each prognostic tumor case. They used three prognostic
factors (T-stage, Gleason score, and prostate specific antigen (PSA) level) to classify the risk
of a prostate tumor. For nodules that are assumed to exhibit risk attributes such as rapid
proliferation, rapid metabolism, or hypoxia, a very high (H+: Dgg = 82.3Gy ) was assumed for
the one and the large nodule geometries, while a high (H: Dgg = 77.3Gy ) and very high risk
(H+: Dsg =82.3Gy ) was assumed for the two-nodule geometry. The rPTV was assumed to
exhibit an intermediate risk classification (M: Dgg =72.8Gy ). A steep dose-response curve
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value (ysq = 8) was employed for nodule and rPTV. For OAR constraints, we have chosen the
recent clinical data and values listed in Table 2 [20,21].

Subvolume-based TCP Evaluation and Voxel based Iso-TCP maps

To quantify the expected local tumor control for prostate cancer, we have calculated TCP values
for the nodule, rPTV, and the entire PTV. We have chosen a subvolume-based TCP model
(Eq. 5 in Ref. 8), utilizing a Poisson TCP model reparameterized in terms of Dgy and ysq (cf.
Table 1 in Ref. 22). As a novel RT plan evaluation tool, a voxel iso-TCP map has been
developed to visualize tumor control probability distributions and iso-tumor-control lines.

Voxel-based NTCP Evaluation

To calculate NTCP values, the Lyman-NTCP model employing generalized equivalent
uniform dose (JEUD) was used as a DVH reduction method (i.e. reducing non-uniform dose
maps characterized by their DVH to equivalent uniform dose maps) as suggested by Rancati
et al. [20]:

L w?) . (@EUD - Ds) al
NTCP(gEUD)ZEfiwCXp (—7) du, ZZTSU, and gEUD: ZV,‘DI-

1

(1

where Dsj is the dose to the whole organ that leads to a complication probability of 50%. In
Eq. (1) v; denotes the fractional volume of the it dose bin whose dose value is denoted by
Dj, m denotes the parameter relating to the slope of NTCP curve, and n denotes the volume
effect parameter. This ggUD based Lyman-NTCP model is mathematically equivalent to the
classical Lyman-Kutcher-Burman model [24] (cf. Appendix A. of Ref. 20). Table 2 shows the
NTCP model parameters. To minimize the dependency on NTCP model parameters, the rectum
NTCP values have been evaluated using three different sets of NTCP model parameters that
have been recently published by Rancati et al. [20] and Tucker et al. [25].

RESULTS

Comparisons of Local Tumor Control between selective boosting and homogeneous dose
escalation IMRT

As shown in Figure 1 and 2, independent of boosting scenario and tumor subvolume geometry,
the selective boosting IMRT plans seem to be more beneficial than their corresponding
homogeneous dose escalation IMRT plans in terms of increased local tumor control probability
for the high-risk tumor subvolumes. The advantage of selective boosting IMRT was especially
maximized in the predicted local tumor control of the high-risk tumor subvolume.

Expected TCP values High-risk tumor subvolumes

For scenario 1, independent of high-risk tumor subvolume geometry, selective boosting IMRT
did yield an expected TCP above 90% for the high-risk tumor subvolume, as compared to an
expected TCP of 1.8% maximally for homogeneous dose escalation IMRT in which the same
EUD is delivered to the entire PTV as with selective boosting IMRT (cf. Figure 1 and 2). For
scenario 2, scenario 3, and scenario 4 (risk-adaptive optimization), we found when using
selective boosting IMRT the expected TCP for the different high risk tumor subvolume
geometries could be increased from 26 — 41%, 26 — 36%, and 25 — 30%, respectively, over
those that could be achieved with homogeneous dose escalation IMRT delivering the same
EUD to the entire PTV as selective boosting.
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As clearly visualized in the voxel based iso-TCP maps (cf. Figure 2), independent of nodule
geometry the expected TCP that could be achieved in the tumor subvolumes having the highest
risk classification when employing homogeneous dose escalation was less than 74% (also cf.
Figure 1 in this respect). In particular, the homogeneous dose escalation plans corresponding
to selective boosting scenario 3 showed TCP values of less than 67%, while those
corresponding to scenarios 1 and 2, showed severely unfavorable TCP values of less than 1.8%
for high-risk tumor subvolumes.

Expected TCP values for the rPTV and entire PTV

As one can see from the middle panel of Figure 1 independent of nodule geometry only
scenarios 3 and 4 appear to deliver an adequate minimal peripheral dose the entire PTV to yield
an expected TCP above 90% for the chosen intermediate risk classification of the rPTV for
either selective boosting or homogeneous dose escalation IMRT. While in scenarios 1 and 2
for the chosen intermediate risk classification of the rPTV and independent of nodule geometry,
the minimal peripheral dose delivered to the entire PTV is to low to yield clinically acceptable
expected TCP values for the rPTV for either selective boosting or homogenous dose escalation
IMRT (cf. middle panel of Figure 1). Since the minimal peripheral dose delivered to the entire
PTV is to low it appears that homogenous dose escalation is advantageous in this case since it
yields higher expected TCP values in the rPTV than selective boosting (cf. middle panel of
Figure 1), this advantage, however disappears once the expected TCP values for the entire PTV
are considered (cf. bottom panel of Figure 1). Showing that independent of nodule geometry
selective boosting yields higher overall expected TCP values even in the face of insufficient
minimal peripheral dose to the entire PTV to yield clinically acceptable expected TCP values.

If however, a sufficiently high minimal peripheral dose is delivered to the entire PTV to yield
TCP values in excess of 90% for the rPTV as is the case for scenarios 3 and 4, then independent
of nodule geometry homogeneous dose escalation plans show favorable tumor control values
of over 90%, and therefore the benefit of selective boosting IMRT appears to be diminished
(cf. Figure 1 bottom panel). However, it should be borne in mind that tumors are the ultimate
parallel structures, and are controlled if, and only if, all tumor subvolumes are controlled
[26]. Therefore, as illustrated in Figure 2, instead of the entire PTV one should consider the
highest risk tumor subvolume, having the most unfavorable TCP value when trying to minimize
the risk of possible tumor recurrence. As can be clearly seen from the voxel iso-TCP maps
presented in Figure 2, only selective boosting scenario 4 (risk-adaptive optimization), utilizing
radiobiological objective functions provides a more uniform expected local tumor control
probability across the entire PTV for all high-risk tumor subvolume geometries investigated
than either conventional selective boosting IMRT or homogeneous dose escalation IMRT.

Comparisons of Normal Tissue Sparing between Selective boosting and Homogeneous Dose

Escalation

As shown in Table 3 and Figure 3, risk-adaptive optimization showed a noticeable
improvement in rectal and bladder sparing when compared to its counterpart homogeneous
dose escalation plan—a decrease in expected NTCP for the rectum by up to 5.3%, and a
decrease in the rectal volume (rectal wall volume) irradiated to intermediate doses (40 — 60
Gy) of up to 16.4% (10.7%) across the different nodule geometries as shown in Table 3 and
Figure 3. While risk-adaptive optimization plans showed expected NTCP values of less than
5.4% for the both rectal volume and rectal wall volume for all three NTCP parameter sets, their
corresponding homogeneous dose escalation plans appeared to have the highest expected
NTCP values of up to 9.2%. With regard to bladder complications, risk-adaptive optimization
again showed better sparing, as indicated by a decrease in bladder volume irradiated above of
75 Gy by up to 4.7%, while selective boosting scenario 3 that is most closely matched in its
expected tumor effect showed a decrease by up to 0.7%.
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For the other three selective boosting strategies, the OAR sparing of the rectum and bladder
did not show noticeable differences between selective boosting and homogeneous dose
escalation IMRT (cf. Figure 3).

With regard to late rectal bleeding, all %-volume data (irradiated to least the specified dose)
for selective boosting and homogeneous dose escalation were within the suggested criteria in
the literature. The values of V7ogy (the %-volume that received at least 70 Gy) for selective
boosting IMRT and homogeneous dose escalation IMRT were found to be less than 19.5% and
22.0% of the rectal volume, respectively—satisfying the criteria of V7ogy < 26.2% [27].
Jackson et al. [28] and Fiorino et al. [29] suggested that the risk of late rectal bleeding could
also be associated with large volumes irradiated to intermediate doses (40 — 60 Gy), suggesting
the following cutoff values for the rectal wall: V4ogy < 60%, Viogy < 60%, and Vgogy < 50
~55%. The values of V4oay, Vsogy, and Veogy for the rectal wall were less than 34.8%, 19.6%,
and 13.8% for selective boosting plans and less than 37.6%, 21.2%, and 14.3% for
homogeneous dose escalation plans, respectively, for all high-risk tumor subvolume
geometries investigated. With regard to late genitourinary complications, bladder toxicity
values from all investigated selective boosting and homogeneous dose escalation strategies
were within the criteria of Vgs-756y < 20% as reported in the literature [30]. The highest values
of Vgsy and V7sgy for all four scenarios were 13.8% and 9.2%.

DISCUSSION

Our study shows that selective boosting IMRT can considerably improve expected local tumor
control as compared to homogeneous dose escalation IMRT (cf. Figure 1 and 2). Even though
selective boosting delivers the same EUD to the entire PTV as is done in the corresponding
homogeneous dose escalation it is more effective in terms of expected local tumor control as
evidenced by voxel based iso-TCP maps, since it more effectively distributes dose across the
different tumor subvolumes. In other words, part of the dose seems to be wasted in the case of
homogeneous dose escalation IMRT, which is shown clearly in the voxel based iso-TCP maps
(cf. Figure 2) and may not be so readily apparent from isodose distributions or dose volume
histograms. Our results are consistent with published data where selective boosting and
homogeneous dose escalation strategies are compared [31,32,33]. Thorwarth and colleagues
recently showed that a dose-painting (selective boosting IMRT) strategy resulted for head-and-
neck (H&N) cancer in the most favorable TCP estimate of 70.2% as compared to 57.7% and
55.9% obtained using an additional uniform-boosting strategy, in which the
fluorodeoxyglucose (FDG)-PET positive volume is boosted (homogeneous dose escalation)
[31]. Using a physical dose measure (mean dose) to build equivalent plans between selective
boosting IMRT and homogeneous dose escalation IMRT, Malinen and coworkers [32] and
Yang and Xing [33] have carried out comparison studies for H&N cancer and prostate cancer.
Malinen and coworkers [32] suggested a selective boosting IMRT strategy that focuses on
hypoxic tumor subvolumes for head-and-neck cancer, which gave a three times higher expected
TCP than that which could be obtained using homogeneous dose escalation IMRT. For specific
tumor subvolumes in prostate cancer, Yang and Xing [33] obtained expected TCP values of
less than 0.6% and 40.8 ~ 58.7% for mean doses of 70 Gy and 81 Gy employing homogeneous
dose escalation IMRT while selective boosting IMRT yielded TCP values in excess of 99%.

With regard to normal tissue complications, only risk-adaptive optimization, utilizing
radiobiological objective functions (TCP, NTCP, and UTCP) showed significant
improvements in rectal and bladder sparing when compared to its EUD equivalent
homogeneous dose escalation plan. On the other hand, the other three selective boosting
strategies, employing conventional physical (dose-volume) objective functions did not show
any improvement in terms of OAR sparing to their corresponding homogeneous dose escalation
plans. This result is consistent with the papers by Mohan and coworkers [34,35], which suggest
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that pure physical objective functions are not sufficient, and therefore radiobiological objective
functions should be incorporated to achieve optimum treatment outcome.

We have chosen to work with equivalent EUD rather than equivalent physical dose (same mean
dose) to generate homogeneous dose escalation plans that are equivalent to their corresponding
selective boosting plans in terms of the EUD delivered to the entire PTV, since for constant
mean dose but increasing dose inhomogeneity in the target one obtains decreasing EUD
estimates (cf. Figure 2 in Niemierko [36]). Therefore, physical mean dose without specifying
the allowed degree of dose inhomogeneity may not be a good metric for plan comparison, since
it could yield widely differing TCP estimates depending on the degree of dose inhomogeneity
achieved in the dose painting treatment plan. However, treatment plans having the same EUD
are part of an equivalence class of plans having an equivalent number of surviving clonogens,
which should at least in theory result in equivalent tumor control [36].

Selective boosting IMRT assumes the use of some form of functional imaging. Thus, selective
boosting IMRT inherently incorporates the advantages associated with functional imaging—
i.e. possible delineation of high-risk tumor subvolumes and target volume (GTV)—and thus
may lead to a reduced target volume and increased sparing of OARs. Furthermore, selective
boosting IMRT holds the promise of delivering boost dose only to those patients in need of
the additional dose for tumor control. Independent of the selective boosting method selected,
in selective boosting IMRT regions to be boosted are patient-specific. In contrast to selective
boosting IMRT, homogeneous dose escalation IMRT delivers boost doses in a non-patient-
specific manner. The underlying assumption of homogeneous dose escalation is that a higher
dose correlates with a higher tumor control. This invokes the therapeutic problem that if all
patients were treated with a homogeneous dose escalation technique, a large number of them
would incur added side effects from the additional dose even though they were already destined
for local control without boosting. Moreover, if a functional imaging technique is available
that allows one to subdivide the tumor volume into a class of tumor subvolumes of different
risk classifications then voxel based iso-TCP maps appear to be a more adequate tool for
treatment plan evaluation than physical isodose distributions, since they more directly related
to expected local tumor control.

CONCLUSIONS

Our study shows that functional image-guided, selective boosting IMRT considerably
improves local tumor control when compared to anatomic image-guided, homogeneous dose
escalation IMRT. Employing selective boosting IMRT, it is possible to achieve significant
increases in TCP for high-risk tumor subvolumes as compared to homogeneous dose escalation
IMRT delivering the same EUD to the entire PTV as selective boosting IMRT. Only risk-
adaptive optimization plans, using biological objective functions, appeared to have better OAR
sparing than their corresponding homogeneous dose escalation plans, showing a reduction in
expected NTCP for the rectum while the other three selective boosting strategies, employing
conventional physical (dose-volume) objective functions did not show an improvementin OAR
sparing. Selective boosting allows one to deliver dose more effectively to achieve optimal
radiotherapy treatment outcome as evidenced by improved voxel iso-TCP maps, which could
lead to increased local control for localized advanced cancer. Moreover, risk-adaptive
optimization, using biological objective functions promises an increased therapeutic ratio in
contrast to other selective boosting IMRT strategies, employing conventional IMRT
optimization using physical dose-volume objective functions.
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Figurel.

The three panels in the first row show the comparison of the expected the TCP values for the
high-risk tumor subvolumes comparing selective boosting IMRT and homogeneous dose
escalation IMRT for each scenario for each of the three different high-risk tumor subvolume
geometries indicated. The expected TCP values for rPTV and PTV are similarly compared in
the second and third row, respectively.

Abbreviations: Scenarios 1- 4 = stand for four different boosting strategies described in Table
1.
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Figure2.

Voxel based iso-TCP maps of selective boosting IMRT and homogeneous dose escalation
IMRT for the four different scenarios and the three different high-risk tumor subvolume
geometries studied, where each voxel represent the local tumor control in terms of expected
TCP. The benefit of selective boosting IMRT in terms of increased expected local tumor control
is clearly visualized independent of high-risk tumor subvolume geometry. TCP values range
from 0 to 1 and the upper bound of the TCP range for a given color are indicated on the color
bar.
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Figure 3.

(k) Scenario 4ﬁ}iwo nodules case
: Selective boosting

(1) Scenario 4Fi;rialge nodule case

---------- : Homogeneous dose escalation

DVH comparisons for selective boosting IMRT and homogeneous dose escalation IMRT for
the four different scenarios and three different high-risk tumor subvolume geometries. As can
be seen only risk-adaptive optimization (scenario 4), utilizing radiobiological objective
functions shows improved rectal and bladder sparing than it’s corresponding homogeneous

dose escalation IMRT plan.
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Table 2

NTCP and TCP model parameters used for computations and as risk-adaptive optimization input parameters.

Structures Dso [Gy] m & nor ys References

Organs-at-risk (OAR)

Bladder 80.0 m=011&n=05 Burman et al.[21]
Unspecific Pelvic Normal tissue 55.0 m=0.13&n=0.15 Burman et al.[21]
Rectum (1) 81.9 m=0.19&n=0.23 Rancati et al. [20]
Rectum (2)* 75.7 m=0.14&n=0.24 Rancati et al. [20]
Rectum (3)” 81.9 m=0.19&n=1.03 Tucker et al. [25]
Tumor classification
Intermediate risk (M) 72.8 Y50=8
High risk (H) 77.3 Y50=8 Levegrun et al. [19]
Very high risk (H+) 82.3 V50 =8

Abbreviations: D5 = dose yielding 50 % dose-response for a specific end point to either normal tissue complications or tumor control; y50 = a

normalized dose-response gradient; m = the parameter is related to the slope of a dose-response curve (mz ’ /4750 ); n =avolume effect parameter;

*
They were added to minimize NTCP model parameter dependency when calculating NTCP values (not used in risk-adaptive optimization process).
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