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Featured Application

This study highlights the potential of Hypofractionated 3D Conformal Radiotherapy (HF
3D-CRT) to reduce the long-term risk of radiation-induced lung cancer compared to stan-
dard fractionation (SF 3D-CRT) in early-stage breast cancer patients. These findings support
the adoption of HF schedules not only for their clinical convenience but also for their po-
tential benefit in minimizing second cancer risk, reinforcing their role in evidence-based
treatment planning.

Abstract

Breast-conserving surgery followed by external beam Radiotherapy (RT) is a standard
approach for early-stage Breast Cancer (BC). This retrospective study aims to determine
the risk of RT-induced lung cancer for both standard and hypofractionated treatments.
Fifty-eight Sicilian women treated at Humanitas Istituto Clinico Catanese (Misterbianco,
Italy) between 2015 and 2021 with standard fractionated 3D-CRT (50 Gy in 2 Gy /fraction)
were included. All treatment plans were designed using a hypofractionated schedule
(42.56 Gy in 2.66 Gy/fraction). An Eclipse™ plug-in script was developed using the Eclipse
Scripting Application Programming Interface (ESAPI) to extract patient and treatment data
from the Treatment Planning System and compute Organ At Risk (OAR) volume, Organ
Equivalent Dose (OED), Excess Absolute Risk (EAR), and Lifetime Attributable Risk (LAR)
using the Schneider Mechanistic Model and reference data from regional populations,
A-bomb survivors, and patients with Hodgkin’s Disease (HD). The OED distributions
exhibited a statistically significant shift toward higher values in standard fractionated plans
(p < 0.01, one-tailed paired Student’s t-test), leading to increased EAR and LAR. These
results indicate that hypofractionated treatment may lower the risk of radiation-induced
lung cancer. The feasibility of a priori risk estimation was evaluated by integrating the
script into the TPS, allowing rapid comparison of SF and HF plans during planning.

Keywords: Eclipse™ scripting; secondary induced cancer; organ equivalent dose; excess
absolute risk; lifetime attributable risk; 3D-CRT; long-term risk
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1. Introduction

Breast Cancer (BC) is the most frequent neoplasm in women. In recent years, the life
expectancy of patients with BC has increased due to screening-related earlier detection
and treatment improvements. The current gold standard for early-stage BC is conserving
surgery followed by external beam radiotherapy (RT). This adjuvant treatment may reduce
the incidence of locoregional recurrence and BC deaths [1]. However, RT inevitably exposes
structures proximal to the Planning Target Volume (PTV), such as the ipsilateral lung
considered in this study. Although the 5-year survival increased to 85% or higher in
many countries [2], exposure to ionizing radiation remains a concern. Epidemiological
studies have shown correlations between exposure to ionizing radiation and the long-term
carcinogenesis risk [3]. This type of risk depends on several factors [4]: attained patient’s
age, age of the patient at the time of exposure, total dose, dose fractionation schedule,
and Organ At Risk (OAR) dose distribution. Therefore, it is important to calculate the
specific risk for each patient based on their treatment plan and characteristics rather than
generalizing it.

Schneider’s mechanistic model [5,6] provides patient-, organ-, and treatment-specific
risk estimation starting from biological considerations about cell killing, mutation, and
repopulation. This model is based on the Life Span Study (LSS) [3], a comprehensive
investigation of data from atomic bomb survivors. The model parameters are derived by
aligning this data with epidemiological studies on Hodgkin’s Disease (HD) [6-11], as well
as using population-specific statistical parameters.

At Humanitas Istituto Clinico Catanese (H-ICC) in Misterbianco (Italy), Breast Cancer
Radiotherapy (BC RT) treatments are typically carried out using two distinct fractionation
schemes, based on clinical and radiobiological considerations: the Standard Fractiona-
tion (SF) approach, which delivers a total dose of 50 Gy in 25 daily fractions, and the
Hypofractionation (HF) approach, which deliver a total dose of 42.56 Gy in 16 daily frac-
tions. Evidence from randomized trials and institutional series supports the effectiveness
and safety of hypofractionation for the adjuvant treatment of regional lymph nodes [12].
Although hypofractionation is supported by evidence of safety and efficacy in the regional
lymph node setting, it is not suitable for all patients. Those with postoperative complica-
tions, large breasts, or breast implants may face higher risks of late toxicity and cosmetic
effects. This clinical variability justifies the need to investigate and compare both treatment
approaches, as performed in the present study.

Secondary tumors do not arise immediately following exposure to ionizing radiation;
rather, a latency period exists between treatment and disease onset [13]. Several studies
have retrospectively investigated the risk of RT-induced lung cancer in BC patients [14-19].
However, past epidemiological data on cancer induction are not sufficient, because radia-
tion therapy techniques have changed substantially in recent decades [8]. Risk estimation
can be performed using models. The Linear No-Threshold (LNT) model, derived from
the LSS on A-Bomb survivors, provides a dose-response relationship [3]. While the data
support a linear response between 0 and 2 Gy, a flattening of the dose-response curve is
observed at higher doses. Therefore, estimating carcinogenesis risk in RT, where higher
doses and various fractionation schemes are used, requires a more appropriate dose-risk
model. Several approaches have been proposed by the scientific community to address this
issue [4]. Gray et al. [20] found that cancer induction results from the interplay between
the induction of carcinogenic mutations and radiation-induced cell kill. Starting from this
concept, a competition model based on the Linear Quadratic (LQ) model was included
in the UNSCEAR reports [21,22]. Davis et al. [23] proposed a model that accounts for the
absence of a risk decline at higher radiation doses. Dasu et al. [24] added the effect of dose
fractionation. Timlin et al. [25], Sachs and Brenner [26], and Shuryak et al. [27,28] proposed
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other models that consider more complex biological processes. Among these, the Schneider
mechanistic model [5,6], which is adopted in this work, offers the advantage of accounting
for both the fractionation schedule and cell proliferation occurring between RT fractions.
The aim of this study is to retrospectively estimate long-term lung cancer induction risk
for SF and HF 3D Conformal Radiotherapy (3D-CRT) in breast cancer. We also evaluated the
feasibility of estimating these risks a priori and integrating them into the treatment planning
workflow. To support this evaluation, we implemented a script within the Eclipse™
environment. The script provides rapid, in-planning visualization of risk estimates.

2. Materials and Methods
2.1. Patient Selection and Treatment Setup

Fifty-eight Sicilian women aged between 30 and 70 years with early-stage BC were
included in this study. The mean patient age was 55 years, with a standard deviation
of 10 years. These women were treated at Humanitas-Istituto Clinico Catanese (H-ICC)
(Misterbianco, Italy) between 2015 and 2021. All data were fully anonymized and cannot be
traced back to individuals. RT was delivered using a tangential field technique, encompass-
ing the chest wall and a small portion of the ipsilateral lung within the irradiated volume.
An anterior field with an angled gantry was used to avoid the spinal cord, esophagus, and
contralateral breast. Treatment plans were calculated using the Analytical Anisotropic Algo-
rithm (AAA, version 15.6.06) within the Eclipse v. 16.1 Treatment Planning System (TPS) by
Varian Medical Systems (Palo Alto, CA, version 15.6.8, https:/ /www.varian.com/), based
on CT scans with 2.5 mm slice thickness. Therapy was performed using a Varian TrueBeam
2.7 linear accelerator (https://www.varian.com/), which produces 6 MV photon beams
with two opposite tangential static field techniques. For all treatment plans, the maximum
dose (always within the PTV) was lower than 110% and at least 95% of the prescribed dose
covered 95% of the PTV volume. OAR dose constraints, converted to equivalent dose, were
respected: V5 < 40%; V20 < 20%; Dmean <7 Gy [29-33]. Treatment plans were rescaled to
an HF schedule using the same irradiation geometry—including field sizes, beam angles,
and beam arrangements—to assess differences in ipsilateral lung carcinogenesis risk, and
all OAR dose constraints were respected.

2.2. Risk Estimation

The Schneider mechanistic model [5,6] integrates the LNT framework derived from
atomic bomb survivor data with cancer incidence data from a cohort of patients with
Hodgkin’s disease treated with RT. It provides site-specific dose-response relationships
for solid cancers induced by therapeutic radiation exposures [6]. It is based on the Organ
Equivalent Dose (OAR):

1
OED = T/rzi RED(D;)V(D;), (1)

This quantity represents, for any inhomogeneous dose distribution in an organ, the
dose in Gray, which, when distributed uniformly, causes the same radiation-induced cancer
incidence [34]. When the dose-response relationship is linear, cancer risk is proportional to
the average organ dose. However, at higher dose levels, the OED is used instead of the
average dose to more accurately quantify the risk of radiation-induced cancer [6]. The Risk
Equivalent Dose (RED) represents the dose-response relationship for radiation-induced
cancer, expressed in units of dose:
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where D is the total dose (50 Gy and 42.56 Gy for SF and HF BC treatments, respectively)
and R is the repopulation parameter, which characterizes the tissue repopulation/repair
ability between two dose fractions. The R-value ranges from 0 to 1, where tissues with
no capacity for repopulation or repair correspond to R = 0, and tissues capable of full
repair or repopulation correspond to R = 1. The number of cells killed during irradiation
is proportional to &’, i.e., the kill parameter for fractionated treatments, which is defined
as follows:

o =a+ ﬁdf, 3)

where « and S are linear-quadratic model parameters specific to the irradiated tissue, and
dy is the dose per fraction. &, #/B, and R values were determined based on epidemiological
studies of patients with HD treated with radiation therapy. This is because calculating the
OED requires 3D dose distribution data, which is generally not available in epidemiological
studies on RT-induced secondary cancers. However, for HD patients, this information can
be reconstructed. For example, Travis et al. [10] studied lung cancer induction for mantle
field treatments of HD, reconstructing the point doses where the secondary cancer was
located. This capability to reconstruct dose distributions is one of the reasons why HD
data were selected for model development. Additionally, HD patients are generally treated
at a relatively young age with curative intent, allowing secondary cancer incidence rates
for various organs to be determined with good precision [6]. Another advantage is that
treatment techniques for HD have remained largely consistent over the past 30 years, with
little variation between institutions. These factors enable the reconstruction of a statistically
averaged OED representative of a large cohort of HD patients. The Excess Absolute Risk
(EAR) for the development of secondary cancer after RT, referring to the entire organ, is
defined as follows:

EAR = VlTZI V(D;) BoRED(D;)p(age,, age,), (4)

where Vr is the total organ volume, V(D;) is the volume of the ipsilateral lung absorbing
a dose of D;, and By is the mutation parameter (initial slope of the LNT model). p is the
modifying function; it introduces carcinogenesis risk age dependence:

age
u(age,, age,) = exp(ye(age, —30) + 'yaln< ‘30“)), (5)

where 7, and v, are two organ-specific parameters derived from the LSS study [3], age.
is the age of the patient during exposure, and age, is the attained patient’s age. Based on
published data, the parameters of the mechanistic model employed for lung cancer risk
assessments were a (Gy ') = 0.061, a/B = 3, R = 0.84, By (10* PY Gy)~! = 8.0 (5.5; 11), 7.
(Y1) =0.002, v, (Y1) =4.23 [6-11].

Schneider’s model concludes with the calculation of the Excess Absolute Risk (EAR);
however, it can be extended further to derive two additional risk metrics: the Lifetime
Attributable Risk (LAR) and the Relative Risk (RR), as conducted by Mazonakis et al. [35].
These metrics account not only for the radiation-induced risk but also incorporate the
patient’s survival probability and the baseline (intrinsic) risk of developing the disease
independently of RT. By weighting the EAR with the patient’s survival probability be-
tween the exposure age (age,) and attained age (age,), the LAR for developing secondary
malignancies can be determined as follows:

75 S(age,)
LAR = Zagee-‘rL EAR(OED, age,, age,) S(ageZ) ’ ©
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where S(age,;)/S(age.) represents the regional survival probability, as provided by ISTAT
(Istituto Nazionale di Statistica), for a healthy individual living in Sicily (Italy) to survive
from age. to age, [36]. L is a free cancer risk interval or latency period (5 years for BC) [37].
The probability of survival to age L, defined as S(age,. + 5)/S(age.), was calculated using
internal H-ICC statistics from a cohort of 915 patients. The resulting survival probability is
98.60% for individuals younger than 65 years at exposure, and 96.34% for all other cases. In
this study, the expected age was fixed at 75 years, based on the following considerations:
(i) the Schneider model is derived from A-bomb survivor data, which assume an average
age at exposure of 30 years and an expected age of 70 years; (ii) statistically robust data
on the Lifetime Intrinsic Risk (LIR) of developing malignancies, provided by ISTAT, are
available up to age 75. Beyond this age, a marked decline in the year-to-year survival
probability (from age; to age;, 1) is observed (Figure 1), which compromises the reliability of
LIR estimates. Independent of the RT treatment, for each person, there is a certain organ-,
gender-, and age-dependent LIR for developing a malignancy in the radiosensitive structure
of interest. In this study, LIR values were obtained using lung cancer incidence data for
Sicilian women resident in Catania provided by the Integrated Cancer Registry CT-ME-EN
(AOU Policlinico “G. Rodolico—San Marco”, Catania, Italy). LIR values are equal to 5.37%,
5.34%, 5.26%, 5.10%, 4.70%, 3.99%, 3.18%, 2.16%, and 1.17% or exposure ages ranging from
30 to 70 years in 5-year increments. LAR values, obtained using the Schneider model,
can be compared with the LIR through the patient-specific Relative Risk (RR) calculation
(Equation (7)), which quantifies the increase in baseline cancer probability for an irradiated
individual compared to an unexposed one. This metric enables an evaluation of which
fractionation scheme (SF or HF) is associated with a higher risk of radiation-induced cancer.

_ LAR+LIR

RR
LIR '’

(7)

e
©

S(agei1) / S(agey)
o
PS

o
9

0 25 50 75 100
age; (Y)
Figure 1. Probability S(age;,1)/S(age;) of a healthy individual surviving from age; to age;.1, based on
regional survival data from ISTAT (Istituto Nazionale di Statistica) for Sicily, Italy [36].

2.3. Script Implementation

To compute the risk-related metrics defined by the Schneider mechanistic model
(OED, EAR, and LAR), an in-house plug-in script was developed using the Eclipse Script-
ing Application Programming Interface (ESAPI). The script was implemented in C#, the
programming language required by the platform. It can be launched directly from the
Eclipse™ user interface, enabling access to the data of the currently open patient. Specif-
ically, the context of the running Eclipse™ instance is passed to the script as an input
parameter [38], which includes treatment plan data and CT images active in Eclipse™. This
direct access allows the script to retrieve the treatment plan information necessary for risk
calculations, such as the i-th volume (V(D;)) and i-th dose (D;) from the OAR differential
Dose—Volume Histogram (DVH) (Equation (2)), as well as the patient’s age at exposure
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(age.). Population-specific parameters, including L and S(age,)/S(age.), are predefined
within the script.

Upon execution for a given treatment, the Organ At Risk (OAR) of interest (e.g., lungs)
can be selected via a scrolling window from the list of previously contoured structures.
Following this selection, all calculations defined by Schneider’s model are performed
automatically. The output includes structure volume (cm®), Organ Equivalent Dose (OED,
Gy), Excess Absolute Risk (EAR, per 10,000 person-years), and Lifetime Attributable
Risk (LAR, per 10,000 persons). Additionally, patient, OAR, and risk information are
simultaneously saved to an external .txt file, facilitating the creation of a database for
subsequent statistical risk analyses. The script workflow is illustrated in Figure 2.

Script launched from Eclipse ™ interface

v

Automatic acquisition of Eclipse™ context
* Patient data
* Treatment plan data
* CT images

User selects OAR from
contoured structure list

Parsing of OAR DVH data

v

Risk calculation

v

Display results + Export to .txt file
« Structure volume (cm?)

+ OED (Gy)

* EAR (per 10,000 PY)

* LAR (per 10,000 P)

Figure 2. Eclipse™ plug-in script workflow.

3. Results

Figures 3-5 show the density plots (a) and boxplots (b) of OED, EAR, and LAR for both
treatment schemes. Table 1 reports the minimum, maximum, and mean values for each of
these metrics. Since treatment plans were recalculated by altering only the fractionation
schedule (SF vs. HF), the observed risk variations for the same patient are primarily
attributable to changes in total dose (D) and dose per fraction (dy). The OED distribution
shows a rightward shift for the 3D-CRT SF treatment compared to HF (Figure 3). As OED
directly influences EAR and LAR (Equations (4) and (6)), similar trends are observed in
Figures 4 and 5.
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Figure 3. Organ Equivalent Dose (OED, in Gy) for 3D conformal radiotherapy (3D-CRT) treatment
plans using standard fractionation (SF) and hypofractionation (HF). (a) Density curves illustrate
the distribution of OED values for patients in each fractionation group. (b) Boxplots show group
medians (center line), interquartile ranges (boxes), and data spread (whiskers). The reported p-value
from a one-tailed paired Student’s t-test compares SF and HF groups.
0.100 HF p-value = 1.98 x 10-°* B HF
SF 40 B2 SF
0.075
35
= [0
‘»
é 0.050 5 30
0.025 25
0.000 20
20 25 30 35 40 HF SF

EAR
(a) (b)

Figure 4. Excess Absolute Risk (EAR) for 3D conformal radiotherapy (3D-CRT) treatment plans using
standard fractionation (SF) and hypofractionation (HF). (a) Density curves illustrate the distribution
of EAR values for patients in each fractionation group. (b) Boxplots show group medians (center
line), interquartile ranges (boxes), and data spread (whiskers). The reported p-value from a one-tailed
paired Student’s t-test compares SF and HF groups.

To assess whether one treatment approach results in a significantly higher risk of
radiation-induced lung cancer, a one-tailed paired Student’s t-test was performed on OED,
EAR, and LAR values for SF and HF plans. The test assumed that paired differences
are normally distributed, the data are continuous, each pair is dependent, and the pairs
are mutually independent. The results indicate that the two datasets belong to distinct
populations (p-value < 0.01), due to a consistent increase in OED for SF compared to HF
(mean OED ratio = 1.137 4 0.002). LAR depends on OED and the time interval between
agee and age,, weighted by survival probability.

Figure 6 illustrates the variation in LAR between SF and HF as a function of age.. For
the same patient, LAR is systematically lower with HF due to the reduced OED associated
with its lower prescription dose. The figure also highlights the inverse correlation between
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LAR and age,: younger patients face a higher risk, given their longer life expectancy
and greater time window for secondary cancer development. Data dispersion reflects
inter-patient variability in OAR morphology, which affects LAR computation.

HF p-value = 5.20 x 10-2® B HF
0.004 SF 400 ‘ B SF
0.003 ‘
300
=
é 0.002 %
o 200
0.001
100
0.000
100 200 300 400 HF SF
LAR
(a) (b)
Figure 5. Standard fractionation (SF) and hypofractionation (HF). (a) Density curves illustrate the
distribution of LAR values for patients in each fractionation group. (b) Boxplots show group medians
(center line), interquartile ranges (boxes), and data spread (whiskers). The reported p-value from a
one-tailed paired Student’s t-test compares SF and HF groups.
Table 1. V5 Vj(, Organ Equivalent Dose (OED), Excess Absolute Risk (EAR), Lifetime Attributable
Risk (LAR), and Relative Risk (RR) for 3D-CRT standard fractionated (SF) and hypofractionation
(HF) approaches.
Treatment V5 V20 OED EAR LAR Treatment
Type (%) (%) (Gy) (1/10,000 PY) (1/10,000 P) Type
247 11.3 2.9 32 274 1.80
SD-CRTSE 153 35.3) (2.1-19.2) (2.0-3.6) (23-42) (31-455) (1.26-1.86)
22.0 11.3 2.5 28 241 1.70
SD-CRTHE g4 301y (1.9-17.9) (1.7-3.2) (20-37) (27-400) (1.23-1.76)

=~ LARHF - LARSF

400

300

LAR

200

100

30 40 60 70

50
age. (Y)
Figure 6. Attributable lifetime risk (LAR) as a function of age at exposure for 3D conformal radiother-
apy (8D-CRT) treatment plans with standard fractionation (SF) and hypofractionation (HF). Curves
represent trends for each fractionation plan; points indicate patient-specific values.

Finally, RR values were calculated for each patient using age- and region-specific LIR
data for lung cancer in Sicilian women. The RR ranged from 1.26 to 1.86 (mean value 1.80)
for SF, and from 1.23 to 1.76 (mean value 1.70) for HE.
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4. Discussion

BC RT treatments are typically delivered using two different fractionation schedules:
SF and HF. Clinical trial results report 10-year local recurrence rates of 4.3% for HF and
5.5% for SF [39]. For this reason, HF is the preferred approach, although SF is still used in
specific clinical conditions.

In this study, the difference in RT-induced lung cancer risk for BC was evaluated for
both fractionation schemes using Schneider’s model. The risk was estimated for 58 Sicilian
women aged between 30 and 70 years, all treated with a 3D-CRT SF approach between
2015 and 2021. Risk factor calculations were performed using a custom-developed Eclipse™
script. This tool enables immediate visualization of relevant risk metrics. It significantly
reduces the time compared to the standard workflow of exporting the DVH file and
applying Schneider’s model post hoc. The results obtained in this work, alongside those
from the literature, are reported in Tables 1 and 2, respectively. For the SF approach, EAR
values ranged from 23 to 42 (per 10,000 PY) and LAR values from 31 to 455 (per 10,000 P).
For the HF approach, EAR values ranged from 20 to 37 (per 10,000 PY) and LAR values
from 27 to 400 (per 10,000 P).

Table 2. Excess Absolute Risk (EAR) and Lifetime Attributable Risk (LAR) values for lung carcino-
genesis risk after RT treatment [35,40].

Paper Prescription Dose Treatment Type an (:5 g:)l; PY) a /1161::){0 P) agf)a
Mazonakis et al. [35] 50 Gy at 2 Gy/fraction IMRT / 359-494 75
Mazonakis et al. [35]  42.56 Gy at 2.66 Gy/fraction IMRT / 316-437 75

0 Gy at 46 458
Paganetti etal. [40] 2 Gy/fraction or 50.4 Gy at 3D-CRT (23-55) (275-654) 70
1.8 Gy/fraction
50 Gy at 61 656
Paganetti et al. [40] 2 Gy/fraction or 50.4 Gy at VMAT (58-64) (410-770) 70

1.8 Gy/fraction

Mazonakis et al. [35] reported LAR values ranging from 359 to 494 (1/10,000 P)
for the Intensity-Modulated Radiation Therapy (IMRT) SF approach, and from 316 to
437 (1/10,000 P) for the IMRT HF approach. Paganetti et al. [40] found EAR values between
23 and 55 (1/10,000 PY) and LAR values between 275 and 654 (1/10,000 P) for 3D-CRT SE.
For Volumetric Modulated Arc Therapy (VMAT), they reported EAR values between 58 and
64 and LAR values between 410 and 770. These studies commonly applied Schneider’s
model for risk assessment but differ in terms of treatment technique and, in some cases,
prescription dose. Only one of them, i.e., Paganetti et al. [40], evaluated RT-induced lung
cancer risk for 3D-CRT SF in breast cancer patients, with prescription doses of either 50 Gy
in 25 fractions of 2.0 Gy or 50.4 Gy in 28 fractions of 1.8 Gy. The smaller patient sample
analyzed by Paganetti et al. (n = 10) may partly explain the narrower range of results
compared to our study, which included a larger cohort of 58 patients. Any comparison
with the findings of Paganetti et al. should consider these differences, as well as the fact
that they assumed an age, of 70 years.

For the same OAR, the risk of radiation-induced cancer also depends on the treatment
technique employed. For instance, IMRT typically results in higher doses to the contralateral
breast compared to 3D-CRT. Mazonakis et al. [38] extended their analysis to this OAR,
reporting OED values of up to 0.99 Gy for SF and 0.86 Gy for HF. The corresponding patient-
specific RR ranged from 1.04 to 1.10 for SE, and from 1.03 to 1.09 for HF. Paganetti et al. [40]
conducted a study comparing multiple RT techniques—3D-CRT, VMAT, and Pencil Beam
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Scanning (PBS). Their results indicated that 3D-CRT yielded the lowest estimated risks
for secondary thyroid and esophageal cancers, while PBS offered advantages in reducing
risks to the lung and contralateral breast. Conversely, VMAT was associated with the
highest overall secondary cancer risks. In our analysis, a paired t-test (p-value < 0.01)
comparing LAR values between SF and HF schedules showed that HF is associated with a
statistically significant reduction in RT-induced lung cancer risk. This reduction is due to
the lower exposure of the ipsilateral lung to low-dose regions in HF treatments. Because
RED depends exponentially on both total dose (D) and dose per fraction (dy), the reduced
lung dose translates into a meaningful decrease in carcinogenic risk with the HF regimen.

In this study, the use of SF 3D-CRT was estimated to result in a LIR increase of 26-86%,
while HF treatment may lead to an increase of 23-76%. The corresponding RR values,
derived from EAR estimates using the Schneider model, are comparable to those reported
in the meta-analysis of 762,468 patients conducted by Grantzau et al. [15] on the risk of
second non-breast cancers following RT for BC. They reported RR values of 1.39 (95% CI:
1.28-1.51). Using the Schneider model, Mazonakis et al. [35] reported a LIR increase of
60-81% for the SF approach and 53-73% for the HF approach. The uncertainty in the risk
estimates arises from several factors [41], each potentially introducing significant variability.
These include tissue modeling, the repopulation process linked to the prescribed dose, the
biological mechanisms leading to tumor cell formation, the parameters of dose-response
curves, and dosimetric considerations. Dores et al. [7], through independent fits to observed
EAR variations, reported a Relative Standard Deviation (RSD) of 1.31 for « and 0.06 for R,
while [6] found an RSD of 0.19. From a dosimetric perspective, since the OED is derived
from the differential DVH, uncertainties are associated with the correspondence between
the calculated and the delivered dose at specific points within the organ, particularly in
regions with steep dose gradients or significant tissue inhomogeneity. The integral dose
only approximates the risk to an individual organ. This is due to the non-linear dose—
response relationship, meaning that the risk depends on the full 3D dose distribution
rather than being directly proportional to the integral dose [42]. Another important aspect
is the repeatability of the dose—volume association for organs at risk across treatment
sessions. The implementation of patient immobilization systems, verification tools such
as Cone Beam Computed Tomography (CBCT), Electronic Portal Imaging Devices (EPID),
and Surface-Guided Radiation Therapy (SGRT) systems integrated with the LINAC has
significantly reduced this source of uncertainty. However, clinical data remain limited
for establishing epidemiological studies that fully account for these factors. Under these
conditions, hybrid approaches combining mechanistic and empirical methods appear
promising for risk model development. This is particularly true when incorporating factors
known to influence the risk of second cancers following RT [4].

EAR, LAR, and RR estimations require statistical data that must be representative
of the study population to avoid overestimating or underestimating the risk. For this
reason, a preliminary research phase was conducted to identify statistics specific to the
Sicilian female population. In our view, this step is essential to enhance the reliability
of the obtained results. When patients are treated with ionizing radiation, a stochastic
risk of carcinogenesis is introduced. Our results show that, according to the RT-induced
lung cancer risk model, the estimated risk for breast cancer patients is lower for 3D-CRT
HF treatments compared to SF treatments. In this context, the use of customized scripts
that interface with treatment planning systems such as Eclipse™ represents a valuable
tool. These scripts can support clinicians by providing real-time risk estimates during the
planning phase, thus facilitating the integration of risk-based considerations into routine
clinical workflows.
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This study has some limitations. While the Schneider model provides valuable proba-
bilistic risk indicators, it does not yield definitive clinical predictions. Therefore, these risk
estimates should be interpreted with caution and integrated into clinical decision-making
alongside patient-specific factors and clinical judgment. Additionally, the sample size is
relatively small (n = 18), and data were collected from a single institution. Nonetheless, the
primary objective was to compare fractionation patterns with respect to induced cancer
risk, and this was achieved. The main result is that OED increases with standard frac-
tionation, and this relies on the underlying physical dose distribution and organ-at-risk
considerations, which are largely independent of region- or institution-specific factors that
primarily influence LAR and RR. These points support the model’s applicability, despite
design limitations.

5. Conclusions

This study showed that the estimated risk of radiation-induced lung cancer in breast
cancer patients treated with 3D-CRT is significantly lower for hypofractionated (HF) sched-
ules compared to standard fractionation (SF). These findings align with existing literature
and support the increasing preference for HF approaches in clinical practice. The integra-
tion of Schneider’s model into the treatment planning process proved effective in enabling
real-time risk estimation during plan development. Incorporating such tools into clinical
workflows may lead to more informed and proactive risk management. The absolute risk
reductions observed could translate into a lower incidence of lung cancer at the population
level, highlighting their relevance for clinical decision-making. Finally, the use of demo-
graphic data specific to the Sicilian female population strengthens both the reliability and
the contextual validity of the results.
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