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Abstract

Purpose This study aims to estimate the risk of secondary lung cancer, expressed as the excess absolute risk (EAR), in
pediatric patients treated with radiotherapy for Hodgkin’s lymphoma. The project was approved by the INCA Ethics Com-
mittee under CAAE 55933222.4.0000.5274.

Methods The mechanistic and the OED (Organ Equivalent Dose) models were applied for this estimate. Two cases were
included in this study, the bell-shaped and the plateau dose—response relationships obtained from the full mechanistic model.
OED results were slightly lower using the full mechanistic and plateau models compared with the bell-shaped model.
Results For an attained age 45 years after exposure, taking into account the three models, the EAR (cases per 10* person-
years) values ranged from 19.71 to 25.07 for patients with age at exposure of 15 and 16 years; from 6.98 to 7.22 for patient
with age at exposure of 12 years; from 9.73 to 11.29 for patients with age at exposure of 5 and 6 years; and from 16.05 to
16.84 for patient with age at exposure of 13 years. Inadequate coverage and lack of conformity of the treatment target reflect
high-dose-volume parameters and finally the estimated risk.

Conclusion The mechanistic model makes it possible to estimate the secondary cancer risk and compare it with regard to

dose distributions, without having to wait for several years to observe the actual risk.

Keywords Secondary cancer - Mechanistic model - 3D conformational radiotherapy - Excess absolute risk

Introduction

A serious potential side effect of radiation therapy is the
induction of a secondary cancer, that is, a new cancer
resulting from the treatment. This is becoming increasingly
important in the case of pediatric patients, because of the
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growing number of young individuals undergoing radiation
therapy (RT) and improving survival times after treatment
(Shuryak et al. 2011). These patients are probably more sen-
sitive to radiation-induced carcinogenesis than adults, and
in addition, have a longer life expectancy (Shuryak et al.
2011). Therefore, it is interesting to predict the probability
of second cancer induction in pediatric patients treated with
radiation therapy.

Currently there is large uncertainty about the shape of
the dose-response relationship for carcinogenesis induced
by radiation for most cancer types at radiotherapy doses.
Consequently, it is necessary to model cancer induction for
radiotherapy patients and thus the underlying dose—response
relationship. Such modeling can be based on epidemio-
logical studies, where the usual method for obtaining the
dose-response relationship for radiation-associated cancer is
to perform a case—control study (Schneider et al. 2011). The
advantage of this method is a direct determination of risk as
a function of point dose, and the major disadvantage are the
large errors involved when determining the location and dose
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to the origin of the tumor (Schneider et al. 2011). This problem
can potentially be solved by developing radiobiological mod-
els, i.e., biologically based mathematical models that focus on
radiation-induced carcinogenesis processes such as cell killing
and mutagenesis, which occur during and shortly after irradia-
tion (Shuryak et al. 2009). This models can predict the second
cancer risk of any given radiotherapy protocol using organ
dose distributions.

However, models that express the risk of secondary cancer
can also be implemented from a combination of radiobiologi-
cal and epidemiological considerations. Thus, an mechanistic
model (Schneider 2009) was developed to determine a possible
dose-response relationship for radiation-induced cancer after
fractionated radiotherapy by combining the linear-quadratic
model of cell kill, the linear-no-threshold (LNT) model for radi-
ation-induced cancer at low dose, the tumor induction through a
mutational process, and the repopulation/repair effects.

The dose—response relationship for cancer induction
obtained from a combined formalism can be implemented with
other models such as the organ-equivalent dose (OED) model
(Schneider et al. 2005). The OED concept assumes that any
dose distribution in an organ is equivalent and corresponds to
the same OED if it causes the same radiation-induced cancer
incidence. In order to calculate OED, information about the
three-dimensional dose distribution is necessary. This is usu-
ally not provided in epidemiological studies on second cancers
after radiotherapy. Thus, the dose distributions used are the
differential dose-volume histogram (DVH) obtained from the
treatment planning systems (TPS).

For the mechanistic model, parameters for site-specific
dose-response relationships were obtained by fit of a combi-
nation of the Japanese A-bomb survivor data with secondary
cancer data from Hodgkin’s patients (Schneider et al. 2011).

There is evidence towards the induction of site-specific sec-
ond primary cancers after radiotherapy treatment for Hodgkin’s
lymphoma (HL). The five most common secondary cancers
were breast cancer, lung cancer, acute leukemia, non-Hodgkin
lymphoma, and gastrointestinal cancer (Ng et al. 2002).

The aim of this study was to estimate the individualized risk
of secondary lung cancer, expressed as the excess absolute risk
(EAR), associated with 3D conformal radiotherapy, a tech-
nique that uses computed tomography images to design the
treatment, for pediatric Hodgkin’s lymphoma patients, based
on the mechanistic and OED models.

Methods
Hodgkin's lymphoma treatment data
Eight 3D conformal radiotherapy treatments were selected.

The patient inclusion criteria were pediatric patients who were
treated for Hodgkin’s lymphoma at the Brazilian National
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Cancer Institute (INCA). The linear accelerators (Linacs)
used in these treatments were Varian: Trilogy, Clinac 600C,
and CL2300C, with a dose rate of 400 MU/min. The common
characteristics to all treatments were the use of the Varian Mil-
lennium 120 MLC, the field-in-field (FIF) technique, and an
isotropic planning target volume (PTV) margin of 0.5 cm around
the clinical target volume (CTV). Age at exposure, gender, linac
model and energy, prescription doses, and the fractionation
scheme for these patients are shown in Table 1. DVHs for the
PTV and lungs were extracted from the Eclipse TPS.

Secondary cancer risk

The risk of secondary lung cancer, expressed as the excess abso-
lute risk (EAR), was estimated using the mechanistic model as
described by Schneider (2009), for predicting cancer induction
after fractionated radiotherapy, and the organ equivalent dose
(OED) concept (Schneider et al. 2005), a generalized dose average
weighted with the dose—response relationship (measured in Gy)
proportional to the probability for the induction of a malignancy.

The excess absolute risk (EAR) was estimated as a linear
function of the OED, adjusted for population-specific vari-
ables such us the modifying function (u) and the initial slope
(#) (Schneider et al. 2011). Thus, the EAR was calculated
according to:

EAR = OED.u (1)

The OED was calculated as:
1
OED = ‘—/ZiV(Di)RED(Di) )

where V(D) is the differential dose-volume histogram
(DVH), the sum is taken over all dose intervals (i) of the
DVH, Vs the total organ volume, and RED (the risk equiva-
lent dose) is the dose—response relationship for carcinoma
induction obtained from the mechanistic model, and it was
defined as:

Table 1 Information regarding patient treatment parameters

Patient Age (years)/ Linac Energy MV) D, (Gy) ny
gender
1 16/female Trilogy 6 25.2 14
2 16/female Trilogy 6 23.4 13
3 15/male Clinac 600C 6 25.2 14
4 15/female CL2300 6and 15 23.4 13
5 12/female CL2300 6 25.2 14
6 S/male Trilogy 6 20 10
7 6/female CL2300 6 19.8 11
8 13/female Clinac 600C 6 25.2 14
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Where it was assumed that the tissue was irradiated with
a fractionated treatment schedule of equal dose fractions
d up to a dose D. The repopulation/repair parameter (R)
characterizes the repopulation/repair-ability of the tissue
between two dose fractions. Repopulation effect cancels
out the effects of cellular inactivation (cell killing), primar-
ily because some of the proliferating cells carry and pass
on pre-malignant damage produced earlier in the treatment
(Schneider 2009). The number of cells is reduced by cell
killing, which is proportional to the cell kill parameter (a")
and is defined using the linear quadratic model, according to:

D
a/=a+ﬂd=a+ﬁD—TdT @)

In this notation, D and d are the total dose and dose per
fraction in lung tissue and D and d are the prescribed dose
to the target volume with the corresponding fractionation
dose, respectively. Moreover, a and /3 are the usual param-
eters from the linear-quadratic model for the tissues of inter-
est and are used to calculate the value of a/f value, a way
of expressing the sensitivity of tumors and normal tissues
to radiation.

Two cases derived from Eq. 3 (full mechanistic model)
were included in this study. The first one, commonly named
bell-shaped dose—response relationship (Eq. 5), is derived
by taking Eq. 3 in the limit of R — 0 (Schneider et al. 2011),
and this is completely neglecting any repopulation/repair
effect and thus fractionation.

RED(D) = De™ P 5)

The second case is called plateau dose—response relation-
ship (Eq. 6), which is derived by taking Eq. 3 in the limit of
R— 0 (Schneider et al. 2011), and this is considering a full
repopulation/repair.

1 — D
RED(D) = ——— 6)
a
The modifying function (u) contains population-depend-

ent variables such as age at exposure (e), age attained (a),
and the age-modifying parameters y, and y,, as described by:

u(e,a) = exp [ye(e —30) + yaln<%)] €

In this form, the fit parameters are gender-averaged and
centered at an age at exposure of 30 years and an attained
age of 70 years. The initial slope (f) is the slope of the
dose-response curve at low dose, and was defined also for
persons exposed at age 30 years and attaining age 70 years
(Schneider et al. 2011).

The following organ-specific model parameters were
used. For the full model: @ =0.042 Gy™! and R=0.83; bell-
shaped: @=0.022 Gy~! (R=0); and plateau: a=0.056 Gy~!
(R=1).In all cases was considered an a/f value of 3 Gy. The
initial slope was #=8.0 excess cases per 10* person-years
Gy, based on A-bomb survivors exposed at 30 years and
surviving to 70 years, and modified for a western population.
The age-modifying parameters were as follows: y,=0.002
and y,=4.23.3 All parameters for second cancer risk calcu-
lation were taken from Schneider et al. (2011), based on the
risk of selected second malignancies of Hodgkin’s patients
after radiotherapy, quantified by Dores et al. (2002).

Results

This section presents the dosimetric evaluation of the radi-
otherapy treatment plans in terms of target dose coverage
(PTV) and dose to organ at risk (lung), and the secondary
lung cancer risk estimate, in terms of the excess absolute risk
(EAR), according to the mechanistic and OED and models.

Dosimetric study

The cumulative DVHs for the PTV extracted from the
Eclipse TPS are shown in Fig. 1.

In radiation therapy, the goal is to deliver the maximum
dose to the target volume in a homogeneous manner, avoiding
the dose to surrounding normal structures. Thus, tools have to
be used for this purpose. The homogeneity index (HI) and the
conformity index (CI) are two of these tools for the analysis
of the treatment plan. The analysis of dose coverage of the
planning target volume (PTV) was made taking into account
the HI and CI index, defined as, HI=(D,q, — Dgg¢)/D5q, and
CI=Vysq/Vprvys respectively (Ma et al. 2015). Here, the dose-
volume constraints V4 and D, represent the volume receiv-
ing >x% of the prescribed dose and the dose received by x%
of the volume, respectively. A higher HI value, ranging from
0 to 1, represents worse homogeneity, and a higher CI value,
ranging from O to 1, represents better conformity (Ma et al.
2015). Other dosimetric parameters for the PTV, such as the
mean dose (D,,.,,), the Vosg, V74 (to analyze the volume
confined in 95 to 107% of the prescribed dose, guide for dose
homogeneity and dose conformity on the PTV), D,q, Dygq,
D5, constraints, besides the HI and CI indexes, are shown
in Table 2.

Table 2 shows a better target dose coverage for patients
4 and 5, each one with a CI of 0.99 and HI of 0.14, 0.08,
and 0.15, respectively. However, the worse was for patient
9, with CI of 0.63 and HI of 1.01. In general, the lack of
conformity in these plans was shown by the high value of
V1079 €xcept for patient 5, who has the lowest PTV volume.

@ Springer



860

Research on Biomedical Engineering (2022) 38:857-869
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The cumulative and differential DVHs for the lung are
shown in Fig. 2.

In the case of the lung, the analysis was made taking into
account dosimetric parameters such as maximum (D,,,,),
minimum (D,,;,), and mean doses (Dyy,q,,), and the Vs, (%),
Viogy (%), Visgy (%), and Vyo, (%) constraints (V. repre-
sents the percentage of volume receiving > xGy), which are
shown in Table 3.

It is known that V,, in lung is a dosimetric parameter
for identifying risk of radiation-induced pneumonitis. A gen-
erally accepted V,(g, <30-35% constraint is use in adult
patients (Marks et al. 2010). In the case of pediatric patients,
this is less clear. Data available on the relationship between
radiation dosimetric parameters in the treatment of HL. and
pulmonary toxicity is sparse for children. In this study, the
VoGy parameter ranged from 12.68 to 33.98%, while the
mean dose varied from 4.35 to 11.34 Gy. The dose-volume
constraints were higher for patient 7, except for parameter

Vaocy> Which the higher value corresponds to patient 2.
Patient 5 shows lower dose-volume constraints compared
to other patients.

Figure 2, for the lung differential DVHs, shows a clearly estab-
lished distribution with two peaks, one at high and another at
low dose. Being that most of the lung volume receives low and
intermediate doses. This distribution will influence the risk esti-
mate of secondary cancer, especially in the case of high doses.

Secondary cancer risk evaluation

The dose-response relationships (RED) for the full, bell-
shaped, and plateau models and the full model considering the
number of fractions (14, 13, 11, and 10) are shown in Fig. 3.

Figure 4 shows the modifying function as a function of
age at exposure and attained age and the EAR of secondary
lung cancer as a function of punctual dose for age at expo-
sure of 16 years and attained age of 30 years.

Table 2 Dosimetric parameters

. Patient Vppy (cm®) D
for PTV coverage analysis. Vpry

mean (GY) Vosg (%) Vi (%) CI

Dsq, (Gy)  Dogy, (Gy)  Dsoq (Gy) HI

is the volume of the PTV

1 1085.5 26.61
2 1179.1 25.36
3 9534 26.74
4 919.5 24.69
5 85.0 26.41
6 801.5 21.00
7 585.6 21.34
8 369.7 19.55

96.85 50.91 0.97 2791 23.67 26.98 0.16
95.74 68.45 0.96 27.70 19.57 25.72 0.32
94.66 57.54 0.95 28.95 20.37 27.18 0.32
99.15 35.60 0.99 25.82 22.30 24.88 0.14
99.60 3.28 0.99 27.00 24.84 26.51 0.08
97.43 30.88 097 22.12 18.67 21.11 0.16
95.16 66.97 0.95 22.79 17.35 21.60 0.25
63.26 22.13 0.63 27.90 0.56 26.25 1.01
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Table 3 Lung dosimetric Patient Volume (cm®) D, (Gy)

D,y (GY)  Diyean (GY) VSGy (%) VlOGy (%) VlSGy (%) VZOGy (%)

parameters
1 2486 27.82
2 1404.5 27.31
3 1945.7 28.45
4 2003.3 26.22
5 981.1 27.11
6 763.6 22.18
7 646.5 22.88
8 994.1 27.24

0.27 9.88 40.82 35.55 31.79 29.31
0.44 11.21 49.23 41.84 37.66 33.98
0.28 10.13 42.95 37.37 33.09 29.86
0.28 10.07 45.47 39.41 35.45 31.55
0.14 4.35 17.79 15.85 14.09 12.68
0.54 11.34 59.66 51.82 45.66 30.38
0.26 9.33 47.03 40.22 35.46 25.71
0.28 8.89 41.53 32.07 26.86 22.57
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Fig.3 Dose-response relation- a) 12 -
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The excess absolute risk for secondary lung cancer was
estimated for an age at exposure (e) of 5, 6, 12, 13, 15,
and 16 years and for an attained age (a) of 7, 15, 30, and
45 years after radiation therapy, as shown in Tables 4, 5,
and 6, respectively.

@ Springer
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As shown in Tables 4, 5, and 6, the OED ranged from
2.16 for the patient 5 using the full and plateau models to
6.16 for the patient 6 using the bell-shaped model. The OED
results were slightly lower using the full and plateau models
compared with the bell-shaped model. For the three models
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considered individually, the lowest and highest values of
the OED were observed for patients 5 and 6, respectively.
This higher OED calculated for patient 6 is justified by the
fact that a higher percentage of volume receives high doses,

10 20 30 40 50 60 70 80 90
Dose(Gy)

compared to the other patients, as observed in the lung dif-
ferential DVHs shown in Fig. 2b.

The EAR estimate is also strongly dependent on the
initial slope of the different organ-specific dose-response
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Table 4 Excess absolute risk

Patient e OED EAR

of secondary lung cancer (per

10* person-years), using the full a(e+7) a(e+15) a(e+30) ale+45)

model, 7, 15, 30, and 45 years

after treatment 1 16 4.76 0.33 1.18 6.27 20.70
2 16 5.53 0.39 1.37 7.28 24.02
3 15 4.87 0.28 1.05 5.84 19.71
4 15 4.90 0.28 1.06 5.87 19.84
5 12 2.16 0.07 0.29 1.92 7.00
6 5 5.78 0.03 0.22 2.34 10.60
7 6 4.87 0.03 0.23 2.23 9.73
8 13 4.59 0.18 0.74 4.53 16.05

Table 5 Excess absolute risk clf Patient B OED EAR

secondary lung cancer (per 10

person-years), using the bell- ale+7) a(e+15) a(e+30) ale+45)

shaped model, 7, 15, 30, and

45 years after treatment 1 16 4.92 0.35 1.22 6.49 21.40
2 16 5.77 0.40 1.43 7.59 25.07
3 15 5.05 0.29 1.09 6.05 20.43
4 15 5.13 0.29 1.10 6.14 20.73
5 12 2.23 0.07 0.31 1.98 7.22
6 5 6.16 0.03 0.23 2.49 11.29
7 6 5.18 0.03 0.24 2.37 10.34
8 13 4.83 0.19 0.77 4.75 16.84

Table 6 Excess absolute risk af Patient e OED EAR

secondary lung cancer (per 10

person-years), using the plateau ale+7) a(e+15) a(e+30) a(e+45)

model, 7, 15, 30, and 45 years

after treatment 1 16 4.76 0.33 1.18 6.27 20.68
2 16 5.55 0.39 1.38 7.30 24.11
3 15 4.87 0.28 1.05 5.84 19.72
4 15 4.92 0.29 1.06 5.89 19.88
5 12 2.16 0.07 0.29 1.92 6.98
6 5 5.84 0.03 0.22 2.37 10.71
7 4.93 0.03 0.23 2.25 9.84
8 13 4.64 0.18 0.74 4.57 16.20

curves. The EAR was estimated taking into account the age
at exposure and attained age. The EAR values, taking into
account the three models, were less than or equal to 0.4
cases per 10* person-years, for an attained age 7 years after
exposure. For an attained age 15 years after exposure, taking
into account the three models, the EAR was slightly higher
than 1.05 cases per 10 person-years for patients with age
at exposure of 15 and 16 years while it was lower than 0.74
cases per 10* person-years for patients with age at expo-
sure less than 13 years. For an attained age 30 years after
exposure, taking into account the three models, the EAR
values ranged from 5.85 to 7.59 cases per 10* person-years

@ Springer

for patients with age at exposure of 15 and 16 years (patients
1, 2, 3, and 4). For patient 5, the EAR was 1.92 and 1.98
cases per 10% person-years, for patients 6 and 7 ranged from
2.23 to 2.49 cases per 10* person-years, and for patient 8
ranged from 4.53 to 4.75 cases per 10* person-years. For an
attained age 45 years after exposure, taking into account the
three models, the EAR values ranged from 19.71 to 25.07
cases per 10* person-years for patients with age at exposure
of 15 and 16 years (patients 1, 2, 3, and 4). For patient 5, the
EAR ranged from 6.98 to 7.22 cases per 10* person-years,
for patients 6 and 7 ranged from 9.73 to 11.29 cases per 10*
person-years, and for patient 8 ranged from 16.05 to 16.84
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cases per 10* person-years. In general, for all three models,
an increase in risk was observed with the increase in the
attained age, this is due to how was defined the modifying
function. At this point, no specific differences were consid-
ered regarding the sex of the patient.

When the EAR is compared for different ages at exposure,
for example, for patients with 5 and 6 years with those of 15
or 16 years, a lower risk was observed for the patients with
younger ages at exposure, for all attained ages after expo-
sure, considering the three models used here. Thus, consid-
ering the full model, 45 years after exposure were estimated
an EAR of 20.70 and 24.02 cases per 10* person-years for
patients with an age at exposure of 16 years, while an EAR
of 10.60 and 9.73 per 10* person-years for patients with 5
and 6 years at exposure, respectively.

Figure 5 summarizes the results obtained in Tables 4, 5,
and 6. It shows the excess absolute risk of secondary lung
cancer (per 10* person-years), for different age at expo-
sure, 45 years after treatment, and for an age at exposure of
16 years and different attained.

In general, different parts of each organ at risk are exposed
to a broad range of doses, from low to higher doses. In Fig. 6,
it is shown the estimated contribution of individual doses, as
percentage of the prescribed dose, to the OED, using the full
mechanistic model. The largest predicted contributions to the
OED, per unit dose, came from high doses, where the contribu-
tion peaks above the prescribed dose, while a lower contribution
was observed in the intermediate dose region, and with a small
maximum, in most cases, at quite low doses. As the EAR is
proportional to the OED, it shows that, when the proportion of
irradiated lung volume at high doses increases, the secondary
cancer risk also increases.

Discussion

The mechanistic model includes several assumptions to sim-
plify the biological processes leading to cancer induction,
and the model parameters were obtained through a combined

Fig.5 Excess absolute risk of
secondary lung cancer (per 10*
person-years), a for different
age at exposure, 45 years after
treatment, and b for an age at
exposure of 16 years and differ-
ent attained

I Full
[ Bellshaped
B Plateau

20 4

EAR/10" PY
3
h

6 years 13 years
Age at exposure

15 years

fit from atomic bomb survivors and Hodgkin’s lymphoma
patient data (Schneider et al. 2011).

Considerable uncertainties are involved in modeling
the underlying biology of radiation-induced cancer and
in the determination of model parameters (Nguyen et al.
2015), and in the same way, epidemiological data from
the atomic-bomb survivors and the Hodgkin’s patients are
subject to many sources of uncertainty, for example, in
radiation dose estimate (Gilbert 2009; UNSCEAR 2012).
Therefore, using this model implies considerable uncer-
tainties in the risk estimations, as shown by Nguyen et al.
(2015), where the uncertainty in the mechanistic model
parameters was estimated and finally the uncertainty in the
estimated absolute risk. These uncertainties can be reduced
by estimating relative risks because absolute risks are less
reliable than these (Nguyen et al. 2015). This can be done,
for example, by comparing the risk produced by different
radiotherapy techniques.

The mechanistic model allows estimating the individual
risks of developing a secondary malignant neoplasm. This
fact is common in radiotherapy where dose-response rela-
tionships that are considered population-averaged, as in this
case, are used in individual estimates.

From the modifying function used here, there are impor-
tant issues to be taken into account. First, EAR is not influ-
enced significantly by age at exposure. This fact can be
observed by varying the age at exposure (for all attained
ages). However, it is known that the risk is higher for
younger children than older children because young chil-
dren have longer post-treatment lives and their bodies are
growing and changing more rapidly than older children
(Shin 2011). Second, EAR increases with attained age for
any age at exposure (Tables 4, 5, and 6). However, the risk of
developing a radiation-induced lung secondary cancer does
not start to increase until an attained age of approximately
30 years (Figura 4a).

Figure 4b shows significant differences in the
dose-response relationships of EAR at high doses, especially
in the case of the bell-shaped dose—response relationship.

204 I Full
[ BellShaped
I Plateau

EAR/10" PY
3
1

e+7 years

16 years e+15years e+30 years e+45 years

Attained age
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Fig.6 Contribution to OED of 0.5
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This difference is marked by the process of cell repopulation
and begins to become significant from 30 Gy. The prescribed
doses used in the treatment of Hodgkin lymphoma in pedi-
atric patients in this paper were less than 25.2 Gy (Table 1).
Thus, the portions of the dose-response relationships used
were the upward sloping part of the curves.

Secondary cancer risk is known to be greater for larger
target volumes because this implies larger volumes of the
healthy tissue irradiated (Paganetti 2012); this is the case of
Hodgkin’s lymphoma patients treated with 3D conformal
radiotherapy. At this point, the volume of the lung within
the irradiation field, i.e., in the high dose region, will be
important even for large PTVs.

From studies, it is also known that most secondary can-
cers develop within the treatment field or at the margins,
reflecting a major contribution from the primary radia-
tion, i.e., high doses (Gilbert et al. 2003). Hence, a smaller
PTV potentially results in a decrease of second cancer risk
(Zwahlen et al. 2016). Outside the treatment field, the risk
of secondary cancer is mainly due to scattering. To provide
a complete description of the cancer-induction risks for a
specific RT technique, it is necessary to study the dose depo-
sition produced by the different kinds of secondary radiation
present during the treatment. Thus, in order to assess the
doses deposited by scattered out-of-field radiation, Monte
Carlo simulations can be performed. It because is expected
that the second cancer risks estimation from Monte Carlo
calculated dose distributions would be more representative.

Few population-based studies quantify organ-specific
excesses, including lung, among large numbers of long-term

@ Springer

survivors; address second cancer risk by age at HL diagno-
sis; provide estimates of absolute excess risk; or consider
attained age, especially in the case of patients treated for
childhood cancer.

In the literature, studies about secondary lung cancers
are found that comprise patients treated for Hodgkin’s
lymphoma over a broad range of ages, including pediatric
patients. For pediatric HL, there has been little detailed
documentation of secondary solid cancer at sites other than
thyroid and breast. Adults, unlike children, often develop
secondary lung cancer after treatment for HL (Hodgson et al.
2007; Ng et al. 2010). However, the EAR in children also
increased, although the elevation is less compared to adults
(Lin and Teitell 2005). The model parameters were obtained
from the data fit in the study by Dores et al. (2002). Study
of 32,591 patients, whose mean age at diagnosis HL was
37 years and mean follow-up time was 8 years (mean age
45 years). For secondary lung cancer, the EAR was 9.7 per
10* person-years. For patients aged <21 years at diagnosis
of LH, the EAR of this secondary cancer was 0.7 per 10*
person-years. For patients with a diagnosis of HL <20 years
(18.2% of total patients) and attained age <40 years, the
EAR of this secondary cancer was 0.6 per 10% person-years.
It was also observed that the EAR of secondary lung can-
cer increases as age at diagnosis of HL increases. Thus, the
EAR (10* person-years) was 0.7 for children <21 and 3.3,
8.2,21.8,44.6, and 12.3 for the age ranges of 21-30, 3140,
41-50, 51-60, and > 61 years. Bhatia et al. (2003) presented
areport of the Late Effects Study Group cohort, for children
with Hodgkin’s lymphoma aged 16 years or younger. For
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patients that developed a secondary lung cancer, a median
age at diagnosis of HL was 11.6 years, a median age at diag-
nosis of subsequent neoplasm was 37.2 years, and a median
time to subsequent neoplasm was 25.7 years. The EAR was
2 cases per 10* person-years. Metayer et al. (2000) quanti-
fied the long-term risk of second cancers among 5925 HL
patients diagnosed before the age of 21 years, and who sur-
vived 1 or more years. The mean (median) age at HL diag-
nosis was 16 (17) years. Average duration of follow-up was
10.5 years. Solid tumors occurred an average of 16 years
(median, 15 years; range, 1 to 45 years) after HL diagnosis
at a mean age of 32 years. When considered the lung and
respiratory system, second cancers, according the age at
diagnosis of HL, the EAR were 3, 0.3, and 1 cases per 10*
person-years for patients between 0-9 years, 10-16 years,
and 17-20 years, respectively. Maule et al. (2007) quanti-
fied the risks of second malignant neoplasms in survivors
of childhood leukemia and lymphoma using a large dataset
from 13 population-based cancer registries that survived
for at least one day. A total of 133 s malignant neoplasms
(leukemias, Hodgkin’s lymphomas, and non-Hodgkin’s
lymphomas) were observed in 16,540 patients, after a mean
follow-up of 6.5 years. Mean age and follow-up time after
lymphoma were 26.0 and 16.3 years, respectively. The EAR
(for 10° person-years) of secondary lung neoplasm was 13.6,
when the primary neoplasm was Hodgkin’s lymphoma. Our
estimates of EAR for secondary lung cancer are in reason-
able accordance with results of epidemiological studies.
Since the estimated risks varied slightly for the variants of
the mechanistic mode studied, any of them could be used
without significant differences. However, knowing that the
full model takes into account the effects of repopulation and
tissue repair, we consider this model more realistic.

The model uses the information of how much volume of
an organ receives a certain dose of radiation, represented in
a DVH, and that basically depends on the prescribed dose
and the number of fractions of treatment. Other parameters
that intervene in the configuration of the treatment affect
the final dose deposited, such as the energy of the beam, the
number of fields, and the size of each field used.

One of the limitations of the mechanistic model is that
when using data from epidemiological studies, it leads to
errors in the correlation of risk and radiation dose, and there-
fore in the establishment of dose—response relationships. The
strength of the model is that estimates can be established by
considering risk-modifying factors, such as those related to
age in radiation exposure and age at which risk is estimated.

Studies that estimate the risk of secondary neoplasms
for radiation doses from exposure to imaging techniques,
such as computed tomography, use a linear model, in which
there is a linear relationship between risk and radiation dose.
Yuasa et al. (2019) estimated that the risk of secondary lung
neoplasm after four-dimensional cone-beam computed

tomography for men and women was 7.3 and 10.7 cases per
10° person-years (Yuasa et al. 2019). Thus, the risk due to
imaging techniques influence to a lesser extent compared to
the treatment of primary cancer.

Finally, the mechanistic model, even considering that the
dose—response relationships were obtained for patients with
a broader age range (including pediatric patients) and high
doses, allowed the estimation of the risk of secondary lung
cancer using the dose distribution in the organ and consider-
ing modifying risk parameters, such as age at exposure and
attained age, in this estimate.

Conclusion

The mechanistic model, based on radiobiological consid-
erations and adjusted to epidemiological data to obtain the
model parameters, allows estimating the individualized sec-
ondary risk due to radiotherapy treatments, using the dose
distribution in the organ of interest. Here we use this model
to estimate the risk of secondary lung neoplasm in pediatric
patients treated for Hodgkin lymphoma.

From the dosimetric parameters, it is observed that some
treatment plans present a worse coverage of the dose and
lack of conformity; in this way, we recommend establish-
ing quality guidelines of the treatment plans to improve
these parameters since they will influence the radiation
dose received by the lung. Thus, it is essential to implement
modern pediatric radiotherapy techniques that can provide
good target coverage while minimizing radiation doses to
normal structures that may result in a reduction in the risk
for radiation-induced second cancers.

To estimate the risk of secondary lung neoplasms in this
study, three variants of the mechanistic model were used.
The complete model takes into account the cell repopulation/
repair effect, considering the ability to repopulate and repair
from tissues, and the bell-shaped and plateau models, which
are obtained from the complete model, considering whether
the repopulation/repair effect is completely neglected or full
considered. From these relationships, it can be observed that
they differ mainly at high doses, where the complete and
plateau models show the same behavior, but presenting a
slightly higher risk in the case of the complete model. The
same is the case with increasing the number of dose frac-
tions. However, the risk estimate is altered by the use of
risk modifiers, and these are the factors, in addition to the
radiation dose, that affect the final estimate. The risk modi-
fiers considered here were age at exposure and attained age,
age at which we estimate the risk of developing secondary
malignant neoplasm. These factors similarly influence the
estimate. Thus, for early age at exposure, we have observed
that the risk is lower compared to more advanced ages. In the
case of the attained age, the risk increases as it increases, and
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the most significant increase being for the higher attained
ages. These factors similarly influence the estimate. Thus,
for early age at exposure, we have observed that the risk is
lower compared to more advanced ages, and in the case of
the attained age, the risk increases as it increases, the most
significant increase being for higher attained ages. There-
fore, any of these models can be used in estimating the risk
of a secondary malignant neoplasm for pediatric patients,
but since the complete model considers the ability of the
tissues to repopulate and repair, we consider the best alterna-
tive for this purpose.

While the model used in this study produces results that
are consistent with expectations, they were based solely on
radiation dose, normal tissue volume, and patient age, and
second cancer risk is not just a function of these factors.
Second cancer risk also involves complex interactions of
host, environmental, and non-radiation treatment factors.
Epidemiological studies with long years of follow-up are
necessary to establish the relationship between these factors
and the risk of developing a second malignancy. This rep-
resents the main limitations of the model. The strengths are
that it allows us to estimate risk using age-modifying factors,
without having to wait years to observe actual risk. Thus,
future work involves the incorporation of this methodology
into a radiotherapy treatment planning system to serve as an
additional tool for planning evaluation.
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