
Contents lists available at ScienceDirect

Physica Medica

journal homepage: www.elsevier.com/locate/ejmp

Original paper

External photon radiation treatment for prostate cancer: Uncomplicated and
cancer-free control probability assessment of 36 plans

B. Sánchez-Nietoa,⁎, M. Romero-Expósitob, J.A. Terrónc, L. Irazolad, M.T. García Hernándeze,
J.C. Mateosd,f, J. Rosellóe,g, D. Planese, M. Paiuscoh, F. Sánchez-Dobladoc,d

a Instituto de Física, Pontificia Universidad Católica de Chile, Santiago, Chile
bDepartament de Física, Universitat Autónoma de Barcelona, Bellaterra, Spain
cHospital Universitario Virgen Macarena, Sevilla, Spain
dDepartamento de Fisiología Médica y Biofísica, Universidad de Sevilla, Sevilla, Spain
e ERESA, Valencia, Spain
fHospital Universitario Virgen del Rocío, Sevilla, Spain
g Departamento de Fisiología, Universidad de Valencia, Spain
h Veneto Institute of Oncology IOV – IRCCS, Padua, Italy

A R T I C L E I N F O

Keywords:
Prostate radiotherapy treatment
Radiobiological modelling
Second primary cancer risk
Radiotherapy plan optimisation
Tumour control probability
Normal tissue complication probability
Radiation protection of the patient

A B S T R A C T

Purpose: To perform a systematic and thorough assessment, using the Uncomplicated and Cancer-Free Control
Probability (UCFCP) function, of a broad range of photon prostate cancer RT treatments, on the same scenario (a
unique pelvic CT set). UCFCP considers, together with the probabilities of local tumour control (TCP) and de-
terministic (late) sequelae (NTCP), the second primary cancer risk (SPCR) due to photon and neutron peripheral
doses.
Methods and materials: Thirty-six radiotherapy plans were produced for the same CT. 6, 10, 15 and 18 MV
3DCRT, IMRT and VMAT (77.4 Gy in 43 fractions) and 6 and 10 MV SBRT (36.25 Gy in 5 fractions with flattened
and FFF beams) for Elekta, Siemens and Varian Linacs plans were included. DVH and peripheral organ dosimetry
were used to compute TCP, NTCP, and SPCR (the competition and LNT models) for further plan ranking.
Results: Biological models (and parameters) used predicted an outcome which is in agreement with epidemio-
logical findings. SBRT plans showed the lowest SPCR and a below average NTCPrectal. High energy plans did not
rank worse than the low energy ones. Intensity modulated plans were ranked above the 3D conformal techni-
ques.
Conclusions: According to UCFCP, the best plans were the10 MV SBRTs. SPCR rates were low and did not show a
substantial impact on plan ranking. High energy intensity-modulated plans did not increase in excess the average
of SPCR. Even more, they ranked among the best, provided that MU were efficiently managed.

1. Introduction

Based on data from Surveillance, Epidemiology, and End Results
Program (SEER) 2012–2014 (https://seer.cancer.gov/statfacts/html/
prost.html), approximately 11.6% of men in the US will be diagnosed
with prostate cancer (PoCa) at some point during their lifetime, with
174.650 estimated new cases in 2019 (https://cancerstatisticscenter.
cancer.org). The high prevalence of PoCa and the reduction in mortality
after radiotherapy (RT) [1], make the radiation-induced second pri-
mary cancers, due to out-of-field photon and neutron doses, particularly
relevant. The latter must be borne in mind when considering which
patients to irradiate and which techniques to employ [2].

Photon radiation-based treatments which are available worldwide
for PoCa are very versatile. Intensity-modulated RT (IMRT) techniques
were implemented to improve the conformality of the dose distribution
further, compared to three-dimensional conformal RT (3D-CRT) [3],
and thereby facilitate dose escalation while keeping (or even de-
creasing) the toxicity of surrounding organs [4]. More recently, Ste-
reotactic Body Radiotherapy (SBRT) has emerged as a procedure
characterised by delivering large doses in a few fractions [5,6].

The quality of RT plans has been traditionally judged by physical
quantities (i.e., dose and dose-volume parameters). However, those
metrics should be replaced by biological indexes (e.g., Tumor Control
Probability -TCP- and Normal Tissue Complication probability -NTCP-)
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for the treatment process to more closely reflect the clinical goals of RT
[7]. Along this line, the mentioned concern on second cancers, espe-
cially for the photon modern RT techniques (e.g., IMRT or Volumetric
Modulated Arc Therapy – VMAT) [8–12] could be of particular im-
portance among long-term cancer survivors such as PoCa patients.
Thus, the quality of RT plans should be judged in terms of TCP as well
as of the risk of normal-tissue toxicity, both stochastic and deterministic
events. To confront this issue, a biological model to evaluate the success
of the treatments (Uncomplicated and Cancer-Free Control Probability-
UCFCP), taking into consideration the risk of deterministic (late) se-
quelae (NTCP) and second primary cancer risks (SPCR1), has been
proposed [13].

In summary, there is a variety of PoCa irradiation techniques, but
the impact on second primary cancers, which are an uncommon but a
severe consequence of RT especially when treating younger patients, is
uncertain [14]. And yet, probably due to the lack of adequate tools for a
balanced analysis, the use of, for example, high energy photons is ne-
glected beforehand. Therefore, this paper aimed to evaluate, in a sys-
tematic way and through UCFCP, the expected outcome associated with
a pool of different available photon irradiation options. To make a fair
comparison among techniques, they were applied to the same patient
anatomy. In this way, this papers describes a methodology which could
be followed for the choice of the best prostate plan, among the tech-
niques (or energies) available in a specific clinic. To our knowledge, it is
the first time that such a thorough analysis comprising not only TCP but
possible toxicities associated with photon and neutron doses deposited
outside the treatment volume has been performed.

2. Methods and materials

2.1. Radiotherapy plans

The CT set used in the study corresponds to the anonymised plan-
ning CT set of an RT patient. The patient signed an informed consent
form on the potential use of the anonymised images for research pur-
poses.

Thirty-six prostate RT plans (Table 1) were created on the same
patient CT and organs contours set (avoiding inter-operator OAR con-
touring variability). The CT set (together with GTV, PTV, rectum and
bladder contours) was sent to each of the seven participating RT centres
who provided plans covering a broad spectrum of standard and hypo-
fractionated (3D-CRT, forward IMRT, inverse IMRT, VMAT and SBRT)
photon beam techniques for low (6MV) and high (10, 15 and 18MV)
energy, flattened and unflattened (FFF) beams using the Elekta, Sie-
mens, and Varian linacs. All SBRT plans were provided by the same
centre and were designed using VMAT.

Participating centres provided their optimum plan according to
their resources. GTV (gland without seminal vesicles) and PTV (except
for SBRT) volumes were distributed to the participating centres to-
gether with the contoured nearby organs at risk (rectum, from recto-
sigmoid junction to anus, and bladder contoured as solid organs).
Planners were asked to cover 95% of PTV with 95% of the phase I
prescription dose (59.4 Gy in 1.8 Gy/fr) and to boost the GTV with
18 Gy in 1.8 Gy/fr (at least 95% of GTV covered with 95% boosting
dose). SBRTs were aimed to cover the PTV (3mm isotropic margins
around GTV) with 95% of the prescription dose (36.25 Gy in 7.25 Gy/
fr). Fig. 1 depicts all DVHs for PTV, rectum, and bladder. 1.8 Gy/fr
plans met recommended constraints [15] for rectum (except VVM6 and
S3D18 with V75= 4% instead of 3%), and the QUANTEC recommended
dose-volume limits for bladder [16]. All SBRTs fulfilled the same bio-
logically corrected dose constraints (calculated with α/β=3Gy).

3. Biological indexes

The Uncomplicated and Cancer-Free Control Probability (UCFCP)
model was proposed by Sánchez-Nieto et al. [13]. This function as-
sumes a statistically uncorrelated dose response for tumour and normal
tissues and when both are equally weighted (see discussion), it can be
expressed as:

∏= − −

= − −
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where NTCPi with i=1,…n is the probability of late toxicity in an i-th
nearby organ and the overall NTCPtot can be found from
1−∏ −= NTCP(1 )i

n
i1 where there are as many products terms as there

are normal tissues considered (rectum and bladder in the case of this
exercise).

If now TCP and NTCPtot are gathered under the “classical”
Uncomplicated tumour Control Probability (UCP) [17], UCFCP can be
finally expressed as:

= ∙ −UCFCP UCP SPCR(1 ) (2)

Moreover, the Global Complication Probability (GCP) dose–r-
esponse function, comprising both, the chance of suffering any normal
tissue toxicity (i.e., NTCPtot) and SPCR, can also be used to express the
UCFCP as follows:
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For each of the 36 plans, UCFCP was computed using eq.1. TCP
(Poisson model for GTV as in [18]) and NTCP (LKB model [19,20] for
rectum and bladder) values were calculated with BIOPLAN [17] with
parameters from [21,22] (Table 2). SPCR was calculated as the sum-
mation over risks values, given by the Life Attributable Risk (LAR), of
the peripheral organs in BEIR VII PHASE 2 report [23] (lung, stomach,
thyroid, red marrow2, colon, bladder, liver, skin, rectum and the

Table 1
Description of the 36 external photon beam radiation treatments.

Technique Energy Linac Manufacturer

(MV) Elekta (E) Siemens (S) Varian (V)

3D-CRT (3D) 6 X X X
10 X
15 X X X
18 X X X

Forward IMRT (IMf) 6 X X
15 X X
18 X

Inverse IMRT (IMi) 6 X X X
10 X
15 X X X
18 X X X

VMAT (VM) 6 X X
10 XX
15 X X
18 X

SBRT (SB) 6
10

XX
XX

In the first column, abbreviations used in the text/table and figures to identify
each RT technique are indicated in brackets. f and i are for forward and inverse
planning, respectively. Each linac manufacturer is identified by its first letter (E,
S or V). XX means two plans available: single/double arcs for VMAT and FF/FFF
for SBRT. Plans are named with the following code: the first letter indicates the
linac, then the technique and finally the energy.

1 SPCR was named as SCP in [13] 2 Active bone marrow is mainly distributed among the spine, pelvis and rib
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remainder).
The calculation of LAR requires prior knowledge of the dose to the

out-of-field (i.e., peripheral) organs. Depending on the distance to the
field edge, two regions were considered for which the peripheral
photon dose information available was different and so the metho-
dology to calculate LAR. Specifically, 50% and 5% isodoses were used
to delimit the boundary for the medium- and low- dose regions [13].

For organs located within the medium-dose region (between the
50% and 5% isodoses), such as the rectum and a portion of the bladder,
DVH information provided by the treatment planning systems (TPS)
were transformed into Organ Equivalent Dose (OED) [24,25] through
organ-specific dose–response mechanistic models as follows:
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where V D( )i represents the DVH, VT the total volume of the organ, and
RED D( )i the dose-response relationship for radiation induced cancer of
the organ [26]. Finally, R characterises the repopulation/repair-ability
of the tissue between two dose fractions and α’ is defined from the
radiobiological parameters α and β as follows:

= +α α β D
D

d
T

T
'

(5)

Fig. 1. PTV(a), rectum(b) and bladder(c) DVHs for all plans. SBRT margin reduction from GTV to PTV increases rectal and bladder sparing. Subfigure (d) depicts DVH
plans with extreme NTCPbladder values (10.8% for EVM10_2 and 0% for E3D6) to illustrate the impact to bladder toxicity of volumes irradiated to high doses.

Table 2
Parameters (with references) used for TCP, NTCP and SPCR calculations.

Dose-response model Parameters

TCPPoisson α=0.29 Gy−1 σα=0.07 Gy−1 α/β=3Gy
ρc= 107cells/cm3

NTCP-LKB Rectum
bleeding or RTOG
grade≥ 2
(Michaslki et al., 2010)

Bladder
Grade≥ 1 toxicity within
2 years
(Cheung et al., 2007)

TD50=76.9 Gy TD50=77.6 Gy
m=0.13 m=0.022
n=0.09 n=0.00995
α/β=3Gya α/β=3Gya

Rectum (Schneider et al.,
2011)b

Bladder (Schneider et al.,
2011)

SPCR (mechanistic
model for the
medium-dose
region)

αbladder = 0.219 Gy−1 αrectum= 0.033 Gy−1

α/β=3Gy α/β=3Gy
R=0.56 R=0.06
βEAR-UK= 0.73 βEAR-UK= 3.8
γe=−0.056 γe=−0.024
γa= 6.9 γa= 2.38

TD50 whole organ dose for which NTCP is 50%.
m is a dimensionless parameter reflecting the heterogeneity of TD50 values.
n is the volume parameter.
α, β and α/β come from the LQ model.
R characterises the repopulation/repair-ability of the tissue between two dose
fractions.

a For Linear-Quadratic -LQ- correction of doses (for the case of bladder
equivalent dose in 1.8 Gy/# was only applied to hypofractionated DVD)

b See the separate erratum for rectal coefficients in https://tbiomed.
biomedcentral.com/articles/10.1186/1742–4682-8–27/comments

(footnote continued)
cage. Average dose to these organs was consired as representative of dose to
bone marrow.
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where DT and dT are the prescribed dose to the target and the corre-
sponding fraction dose, respectively. See Table 2 for the other para-
meters.

Then, the LAR for organs in the medium-dose region was calculated
following the methodology described in [27] as follows

∫= ⎡
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where k represents the specific organ, γe and γa are organ-specific
parameters depending on the age at exposure e (calculations were
carried out for 60 and 80 years) and the attained age a, respectively.
amax is the maximum age (100 years), L the latent period for cancer
induction and −βEAR UK represents the initial slope of risk transferred to a
Western from the risks to the Japanese population. S(a)/S(e) is the
probability of surviving to age a conditional on survival to age e. The
quantities S(a) were obtained from Anderson and DeTurk [28]. See
Table 2 for the other parameters.

For organs total or partially located outside the 5% isodose (the low-
dose region), where the dosimetric accuracy of TPS decreases [29], the
total equivalent dose was computed using two analytical models for

evaluation of the photon [30] and neutron [31] peripheral dose (HT
γ

andHT
n, respectively). Note that the contribution of neutrons to the dose

to organs in the volume close to the field edge (i.e., approximately 2 cm
crust around it) is not considered in the calculation of −LARk

medium doseas
is negligible compared to photons.

In the low dose region (< 4Gy) a different approach for LAR cal-
culation was followed. There are two reasons. The first one is that, to
authors’ knowledge, for the other more peripheral organs, there are no
organ-specific coefficients to feed the dose–response mechanistic
model. Then, atomic bomb survivors data became the only available
resource. Although survivors and radiotherapy patients have different
exposure conditions, some works showed that in the low dose region,
the mechanistic models reproduce the Linear Non-Threshold (LNT)
[25,32]. The second reason is the lack of dose-volume histogram in-
formation for the organs outside the 5% isodose. Therefore, for the low-
dose region. LAR was calculated as

= = +−LAR λ H λ H H· ·( )k
low dose

k T k k T k
n

T k
γ

, , , (7)

where λk is organ-specific incidence risk coefficients from BEIR report
[23], in particular, those for males at an age at exposure of 60 in
Table 1D2-1.

HT
γ was estimated using patient and treatment parameters required

Table 3
Biological indexes calculated for all the plans*. SPCR, GCP and UCFCP, which depend on the age at exposure, were calculated for 60 and 80 years, but plans are
ranked according to the UCFCP value at 60 years. Three equally-sized groups were created, and, additionally, the number of MU of each plan was included. All values
were rounded to one decimal, but the ranking in terms of UCFCP considered up to 2 decimals.

Plans Biological Indexes (in %) independent on age at exposure Biological Indexes (in %) dependent on age at exposure

MU 60 years 80 years

TCP NTCPrectum NTCPbladder UCP SPCR GCP UCFCP SPCR GCP UCFCP

VSB10 1890 98.0 0.8 0.9 96.3 1.1 2.8 95.3 0.24 1.9 96.1
VSB10_fff 2341 97.8 0.8 0.8 96.2 1.1 2.7 95.2 0.92 2.5 95.4
VSB6_fff 2730 97.8 0.7 1.2 96.0 1.1 2.9 94.9 0.41 2.3 95.6
VIMf6 18,348 96.1 0.3 0.6 95.2 2.2 3.0 93.2 0.76 1.7 94.5
VIMf15 14,233 96.4 0.3 0.8 95.3 2.4 3.5 93.1 0.9 2.0 94.5

I VIMi6 33,422 96.0 0.8 0.2 95.0 2.1 3.1 93.0 0.82 1.8 94.3
SIMf15 12,052 96.1 0.9 0.2 95.0 2.2 3.3 93.0 0.86 2.0 94.2
E3D18 9805 96.2 1.4 0.0 94.9 2.1 3.5 92.8 0.83 2.2 94.1
EIMi10 11,763 96.5 1.6 0.5 94.5 2.0 4.1 92.6 0.81 2.9 93.7
E3D10 11,096 96.3 1.9 0.0 94.5 2.0 3.9 92.5 0.81 2.7 93.7
SIMi15 15,265 95.8 0.8 0.5 94.6 2.2 3.4 92.5 0.87 2.2 93.7
EVM18_1 9644 96.0 1.6 0.0 94.5 2.1 3.7 92.5 0.84 2.4 93.7
VIMi15 15,365 95.9 0.9 0.2 94.8 2.5 3.6 92.5 0.93 2.0 94
SIMi6 17,744 95.9 0.9 0.9 94.2 2.1 3.8 92.2 0.84 2.6 93.4
SIMi18 22,270 95.6 1.4 0.0 94.3 2.2 3.6 92.2 0.91 2.3 93.4
E3D15 10,337 95.8 1.9 0.0 94.0 2.1 3.9 92.0 0.83 2.7 93.2
VSB6 2350 98.0 0.7 4.5 92.9 1.1 6.2 91.9 0.42 5.6 92.5

II EIMi18 10,446 96.0 2.2 0.2 93.7 2.1 4.5 91.7 0.84 3.2 92.9
EIMi6 14,555 96.1 1.1 1.5 93.6 2.1 4.7 91.6 0.83 3.4 92.8
EVM15 10,994 95.8 2.4 0.0 93.5 2.1 4.5 91.5 0.83 3.2 92.7
SIMf6 14,862 95.4 2.1 0.0 93.4 2.1 4.1 91.5 0.84 2.9 92.6
V3D15 10,635 96.0 2.5 0.1 93.5 2.3 4.8 91.4 0.87 3.4 92.7
E3D6 12,589 95.7 2.5 0.0 93.3 2.1 4.5 91.4 0.82 3.3 92.5
V3D6 13,098 95.9 2.6 0.2 93.2 2.2 4.9 91.2 0.75 3.5 92.5
EIMi15 12,105 95.4 2.4 0.0 93.1 2.1 4.5 91.1 0.84 3.2 92.3
EVM6 13,526 95.5 2.7 0.0 92.9 2.1 4.7 91.0 0.82 3.5 92.2
S3D15 9913 95.8 3.0 0.0 92.9 2.1 5.1 90.9 0.84 3.8 92.1
S3D18 10,135 96.3 3.6 0.0 92.8 2.2 5.7 90.8 0.85 4.4 92.0
V3D18 9960 95.9 2.9 0.1 93.0 2.6 5.5 90.6 0.87 3.8 92.2

III S3D6 12,153 95.6 3.4 0.0 92.3 2.1 5.4 90.4 0.82 4.2 91.6
EVM10_1 11,455 96.4 1.2 3.6 91.8 2.1 6.7 89.9 0.82 5.5 91.1
VVM15 21,233 96.0 3.5 1.0 91.7 2.3 6.7 89.6 0.97 5.4 90.8
SIMf18 15,414 96.4 0.9 4.4 91.3 2.3 7.4 89.2 0.89 6.1 90.5
VIMi18 29,621 95.6 3.6 0.1 92.1 3.5 7.0 88.9 1.17 4.8 91.0
VVM6 21,926 96.0 4.1 1.9 90.3 2.1 7.9 88.4 0.85 6.7 89.5
EVM10_2 10,421 96.2 4.7 10.8 81.8 2.1 16.7 80.1 0.81 15.7 81.1

* Plans nomenclature follows the following criteria: first letter for Linac manufacturer, second to third or fourth letters identify technique (see Table 1) and finally the
number identifies energy. To discriminate between VMAT plans with single or double arcs, ‘_1′ or ‘_2′ was added, respectively. ‘_fff’ identifies the flattening-filter-free
mode.
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by PERIPHOCAL model [30] such as the number of MU of each plan,
dose prescription at the isocenter, location of the isocenter (91 cm from
the patient head and at 11.4 cm depth), distance from the 50% to 5%
isodoses (2 cm measured on a coronal plane containing the isocenter)
and patient height (176 cm). Eq. (8) summarises the model im-
plemented in PERIPHOCAL

∫∊ =
+ −

∊− +
H L z f

X L X
PPD x z f dx( , , , ) 1

( )
( , , , ).T

γ low dose

org org
X

X L,
'

' '

org

org
'

(8)

where L is the length of each particular organ, z is the isocenter depth, f
is the equivalent square field size (in cm), and ∊ the treatment efficiency
parameter (ratio of the dose prescribed to the isocentre and the MU
needed to deliver the prescribed dose, relative to the case of the
10×10 cm2 eight open beams used as the reference). The integration
limits are chosen as a function of the position of the organ with respect
to the treatment beams (details in [30]), and PDD is the photon per-
ipheral dose to a point calculated calculated as follows

∊ = + ∊ ⎛
⎝

⎞
⎠

− ∙ + ∙PPD x z f A B
x

e( , , , ) f
10

μ r μ r
2

2
( )air air tissue tissue

(9)

With x, the cranio-caudal distance from the isocenter to the calcu-
lation point, A and B fitted parameters of the model (A=0003mSv/
UM and B=17.612mSv·cm2/UM), and rair and rtissue the distances
traversed by the beam from the vitual source to the calculation point in
air and tissue, respectively and are calculated from a simple geometrical
approximation as described in [30]). µair and µtissue are linear at-
tenuation coefficients for air and soft tissue (μair = 2×10−5 cm−1 and
μtissue= 2.325 10−2 cm−1), respectively.

The matlab script for the calculation has been made available as
additional material. HT

n was estimated from the MUs of the plan [31].

4. Results

The minimum dose was usually below 0.5 Sv, except for rectum,
bladder and bone marrow, with an average value of 21.7 Sv, 16.3 Sv,
and 0.6 Sv, respectively. The total equivalent dose to every peripheral
organ for each plan is provided in the supplementary material
(Table 1).

Table 3 shows all the biological indexes calculated for all the plans.
TCP ranged from 95.4% to 98.0%, the highest values being associated
with SBRTs. Average NTCPrectal and NTCPbladder were 1.9% and 1.0%,
respectively. NTCPrectal varied from 0.3% for a forward-planned IMRT
at 6 and 15MV to 4.7% for the two-arcs10MV VMAT. NTCPbladder
ranged from 0.0% for several plans to 10.8% for 10MV VMAT (2 arcs).

SPCR, GCP and UCFCP for each plan are reported for two ages at
exposure, 60 and 80 years. Unless stated otherwise, values commented
in this section are meant only for 60 years. The reader is referred to the
discussion section for comments on the impact of the age at exposure
value upon SPCR and final plan ranking. The lowest (1.1%) and the
highest (3.5%) SPCR corresponded to the SBRTs and one inverse-
planned high energy IMRT plan, respectively. The rate of second solid
cancer sites near the radiation portals were 0.5% for rectum and colon
and 0.4% for the bladder. Fig. 2a displays average SPCR, NTCPrectal, and
NTCPbladder values for “modern techniques” (i.e., IMRT, and VMAT),
3DCRT and SBRT split into high and low energy. In Fig. 2b, SPCR by
solid cancer site and leukaemia on all the same groups is shown (values
provided in the supplementary material (Table II)).

Plans in Table 3 are ranked according to their UCFCP values. The
leading plan was 10MV SBRT, which exhibited an extra 15.2% in the
probability of uncomplicated cure over the worst ranked plan (10MV
VMAT with two arcs). With the aim of posteriorly extract the main
features of the best and worst ranked plans, three equally-sized groups
were created (I, II, III). General characteristics of each of the three
groups were described in terms of the biological indexes (TCP, NTCP,

SPCR, GCP) and the therapeutic ratio (i.e., TCP/GCP) (Fig. 3a–c). Ad-
ditionally, the percentage of plans inside each group with high energy
(i.e., ≥10MV) and those designed with a modern technique were
identified inside each group (Fig. 3d).

5. Discussion

A single pelvic CT set (with contours) was selected as a way to focus
the analysis on the ranking of a broad range of photon techniques which
are currently available to treat PoCa. We did not aim to find the optimal
technique for photon RT in PoCa. But instead, to illustrate the relevance
of incorporating SCP in the selection of the best plan for the selected
anatomy, provided the hypothetical situation in which all the 36 plans
were available. A discussion on the values obtained for the different
biological indexes compared to clinically or epidemiological data will
help to put in context the goodness of the calculations performed.

5.1. TCP and NTCP

It has to be noted that our TCP values were higher than the usually
reported proportion of patients who are biochemical or clinical failure
free after conventional or altered fractionated RT. This might be related
to the fact that our local control rates were calculated on the GVT for
which the prescription requirements ensured their coverage to at least
77.4 Gy (indeed, slightly higher prescription dose than in [6]). This
choice was driven by the fact that no information on the gradient of
clonogenic cell density across the tumour is available and possibly, by

Fig. 2. Average value of SPCR and NTCP as well as SPCR for cancer sites are
depicted in a) and b), respectively. SPCR values are for age at exposure= 60y.
Error bars display SD.
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assuming that no tumour cells are present outside the GTV, that un-
derestimation of the total number of tumour cells produces the obtained
high TCP values. [6]. Another source of uncertainty comes from the
values of the biological parameters of the model. A broad range of α/β
values for prostate has been reported [33] (from 0.6 Gy to>10 Gy).
However, the assessment of the whole set of radiobiological parameters
had not been the primary goal of those clinical studies and, at best, α is
reported. Thus, a crude estimation of σα and ρc is additionally required.
Even more, the α values published together with the α/β < 3 are very
small (≈ 0,05 Gy−1) which would imply the use of an extremely low
number for the clonogenic cell density in order to reproduce realistic
clinical dose–response curves. Our final choice for the value of the
parameters represented a wise compromise between a relatively low α/
β, plausible values for the other parameters and the generation of
sensible tumour control response rates.

Nonetheless, as TCP values for all plans were substantially the same
(consistent with the fulfilment of the dose prescription requirements),
plan ranking for this patient has not been affected nor our conclusions
on the relevance of SCP in plan ranking.

As expected, rectum sparing was better with intensity-modulated
techniques than with 3DCRT plans (average NTCPrectal of 2.6% vs
1.7%). However, the opposite was observed for the bladder (1.3% vs
0.1%). The latter result lies in the fact that the parameter n for the
bladder is almost zero, indicating that the maximum dose to that organ
is critical in determining toxicity. Effectively, the bladder DVH for the
EVM10_2 plan, with the highest probability of GU toxicity (10.8%), is
below some others, with 0% of estimated toxicity, except by a small
volume irradiated above 62 Gy (insert in Fig. 1c). VSB6 also showed a
high NTCPbladder (4.5%) as a consequence of the LQ-corrected hot spot
(> 78 Gy), which according to [22] is critical for G1 bladder toxicity.
Therefore, even the better tailoring of the PTV as with intensity-
modulated techniques could let it slip a small hot spot able to raise

NTCPbladder. Consequently, the range of hot spots traduces in a high
standard deviation for NTCPbladder numbers. And yet, all plans met the
recommended urinary bladder dose constraints by QUANTEC [16].

5.2. SPCR

Despite databases heterogeneity, the PROBATE grouṕs [2] and
Brenneŕs [34] reports agree on an increased risk of solid SPCR following
radiation for PoCa (1 in 70 and 1 in 290 for patients followed up for
more than ten years for (2) and [34], respectively). Berrington et al.
[14] carried out a risk assessment of solid second cancer among PoCa
patients finding an approximate total incidence rate of 9% (from which
only 8% would be related to radiotherapy [35]). By applying the same
8% to the cumulative incidence of all second primary cancers to He-
gemanńs cohort (a population-based study on the Munich cancer reg-
istry) [36], SPCR due to RT of 1,3% and 2% after 10 and 20 years,
respectively was obtained.

Our numbers show discrete differences in SPCR among plans. Total
SPCR ranged from 1.1% to 3.5% with an average of approximately 2%,
which decreases to 0,8% for age at exposure= 80y (consistent with the
decrease in sensitivity for older patients). For 77.4 Gy techniques, ab-
solute differences in SPCR were smaller. SBRT plans showed at least a
twofold decrease (average of 1.1%) (Fig. 2a). The predicted radiation-
induced cancer risk benefit from SBRT techniques has been discussed in
previous studies [12,37,38].

Our calculations showed that the most frequent second cancers were
any form of leukemia, rectal (in the medium-dose region), colon (close
to the border of the field) and bladder (lying across the medium- to low-
dose region) cancers, in that order (see Fig. 2b) in agreement with [39].
Risks in the medium-dose region, estimated using the mechanistic
model by Schneider, represented 40% of all SPCR (in agreement with
the spatial distribution described in [40]). A discrepancy was observed

Fig. 3. From a) to c): average values of biological indexes (error bars display SD) of the three groups. In d) distribution of plans according to energy and technique.
GCP and SPCR values are for age at exposure= 60y.
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between our calculation and previous findings on SPCRrectal for which
no significant increase compared to the healthy population was re-
ported [2,14,34,36,41]. Additionally, Murray et al. [12] predicted 0.6%
average SPCRrectal for 6MV VMAT and IMRT (based on the competition
model) for the complete rectal DVH (i.e., their study considers SPCRs in
in-field tissues). This figure agrees with our estimation (for age at ex-
posure= 60 y and age at exposure= 80 y as in [12]) of 0.5% in the
out-of-field region for the 77.4 Gy 6MV IMRT/VMAT plans. When Ex-
cess Absolute Risk (EAR) (per 10,000 persons/year) of second malig-
nancies in the in-field rectum (i.e., the whole DVH is considered) was
calculated for the techniques and energies analyzed in [12], our values
resulted larger (3.7 vs. 2.4, 3.7 vs 2.6 and 3.8 vs. 2.7 for 6MV-VMAT,
6MV-IMRT and 10MV-3DCRT, respectively), most probably reflecting
differences in patientś anatomies. As seen in Fig. 2b, the largest SPCR
was associated with any form of leukaemia, an average of 0.5% in
agreement with previous population-based studies [42,43]. None-
theless, others have not found a significant increase in leukaemia rates
[34,41].

The small differences found in second solid cancers between high
and low energy plans endorse previous results as being similar overall
[14]. In our study, and for the case of high energy plans, this was due to
the lesser MU (Table 3) required for the higher energy plans (in
average, 12,345 vs 15091) which more than offsets the extra neutron
dose. Even more, despite concerns on neutron doses, high energy in-
tensity-modulated plans did not appear to increase in excess the
average SPCR (2.3% and 2.1% for high and low energies intensity-
modulated 77.4 Gy plans, respectively). This difference is almost no
existent among 3DCRTs.

We believe that the perception of higher SCPR associated to in-
tensity modulated techniques when delivered using high energy photon
beams has less to do with facts but with the lack of analytical models to
estimate peripheral dose to organs due to photons and neutrons. That is,
the uncertainty might tend to increase the perception of risk. As an
example, it was enough to carry out the present exercise to see that wise
exploitation of planning capabilities can outweigh the problem of
neutron production. Specifically, the same level of SCPR was calculated
for IMRT plans with 6 MV (VIMi6) and 15 MV (SIMf15). Moreover,
probably a 15MV 3D CFRT would not be questioned as a clinically
feasible plan, and yet it can be associated with a high number of MU if,
for example, wedges are used. Finally, for “big” patients high energies
are probably a better choice which should be considered.

5.3. UCFCP

Plans were ranked according to UCFCP, but if UCP would have been
used instead (i.e., ignoring SPCR), no much difference would have been
found. Particularly, one-third of the plans would have kept the position
(including the best and worst ranked), and another third would have
changed one place. That is, provided that adverse effects were con-
sidered equally undesirable, this exercise showed that the inclusion of
SPCR seemed not to affect the ranking critically. However, far from
undermining its value, the present exercise gives some light to the other
way valid, concerns on the use of intensity-modulated techniques at
high energy which have been possibly biasing the treatment choices.
When SPCR was calculated for age at exposure= 80y the ranking
suffered a minimal impact, with low energy plans giving way generally
to high energy plans, though average value decreased from 2.1% to
0.8%.

The equally-sized groups (Table 3 and Fig. 3) helped to characterise
the best/worst plans. As dispersion within TCP values was small
(SD= 0.7%), groups differed on the therapeutic ratio (Fig. 3a) due to
different GCP (Fig. 3b). Moreover, GCP was mainly controlled by NTCP
as distribution of SPCR values was even more uniform (SD=0.4%)
than TCP (Fig. 3c). The proportion of intensity-modulated plans de-
creased from the group I to III, whereas energies appeared randomly
distributed among them (Fig. 3d). This meant that the better sparing of

intensity-modulated techniques (decreasing NTCPrectum and SPCR in the
medium-dose region) compensated both, the sometimes larger
NTCPbladder and the usual larger number of MU (which increases per-
ipheral photons and, at high energy, the additional peripheral neu-
trons). The best ranked were the 36.25 Gy plans (FF and FFF-10MV as
well as the FFF-6MV) (Table 3). Interestingly, the second best plans
were two IMRT techniques for Varian, one at 15MV (though Varian
shows the highest neutron production [44,45]). Those plans were cre-
ated using forward planning (as with a class solution [46]) which op-
timised the requirement of MU.

SBRT plans exhibited the lowest SPCR and a below average
NTCPrectal which make them attractive techniques. Nonetheless, they
probably demand a more intensive image treatment guidance than, for
example, 3DCRT. In the case of ionizing radiation based images for
treatment guidance, the additional dose to peripheral organs could
dissipate the initially advantageous SPCR gap.

It is also worth stressing that the ranking was performed using a
function which equally weighted tumour and dose–response of healthy
peripheral organs (though, for example, the severity of G1 bladder and
G2 rectal damages are, by definition, different). Nonetheless, the life
expectancy of the patient is implicitly considered by the SCPR model
used as LAR includes the probability of surviving until attained age
considered conditional on survival to the age at exposure. Any other
particular scenario regarding clinical judgement (e.g., particular short
life expectancy due to a pre-existing disease) could make NTCP more
relevant than SPCR, which could be assigned a smaller impact on the
global function.

The average values presented here implicitly considered that in our
theoretical PoCa population, the 36 possible external beam radiation
treatments were used in an equal proportion which has to be born in
mind when comparing our average biological indexes with results from
epidemiological or theoretical studies. Even more, our study lacks from
the large dose prescription ranges seen in a real population and
therefore, the impact of dosimetrical variability cannot be addressed.
Nevertheless, relative comparisons among techniques can still raise
valid conclusions, and absolute estimations should be compatible
within reported ranges.

6. Conclusions

We have shown a procedure to estimate the clinical outcome com-
prehensively, considering altogether tumour control as well as sto-
chastic and determinist radiation side effects. This methodology might
aid the choice of the best plan among the options available without the
bias induced by preconceived tendencies.

In the case studied, the best plans were the SBRTs which avoided
hot spots (> 78 Gy LQ-equivalent) to the bladder. It was also found that
SPCR rates were low and very similar across plans (all but two had
SPCR between 1.1% and 2.5%), even considering both dose prescrip-
tion groups. Thus, SPCR did not show a strong impact on plan ranking.
High energy intensity-modulated plans did not appear to increase in
excess the average SPCR. Even more, the latter ranked among the best
provided that the MUs were efficiently managed. From the minimisa-
tion of SPCR point of view, all SBRT plans stood out as the most at-
tractive techniques.

Our exercise illustrated that preconceived ideas about the appro-
priateness of a particular technique might lead to miss perfectly com-
petent plans which a priori were banned by trends possibly nourished
by distrust on the unknown.
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