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ARTICLE INFO ABSTRACT
Keywords: Background: Although out-of-field radiation doses are lower than in-field doses, they may still contribute to late
Hodgkin lymphoma toxicities and second cancer risk in classical Hodgkin lymphoma (cHL) patients. Moreover, treatment planning
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systems (TPS) often underestimate these doses, especially in healthy tissues.

Methods: Dosimetric parameters were compared between pencil beam scanning proton therapy (PBS) and
volumetric modulated arc therapy (VMAT) in a cohort of 20 patients from the PRO-Hodgkin study. Planning CT
scans were reconstructed into virtual whole-body CTs using the IS?aR software. Out-of-field doses were estimated
with analytical models and Monte Carlo simulations in whole-body phantoms, then integrated with TPS in-field
doses to calculate total equivalent dose. Dose distributions, dose-volume histograms (DVHs), non-target tissue
integral dose equivalent (NTIHs), mean organ doses, and lifetime attributable risks of Second cancer (LARs) were
evaluated for critical healthy tissues.

Results: PBS consistently resulted in lower out-of-field doses than VMAT. In both modalities, contributions were
relatively small, not exceeding 5% of the prescribed dose. For organs near the target such as thyroid, lungs,
breasts, heart, and esophagus, mean dose differences between PBS and VMAT ranged from 1.3 to 4.5 Sv, while
for distant organs differences remained below 0.3 Sv. Incorporating out-of-field doses into LAR estimates
increased predicted risks, but PBS reduced these values by up to 40% compared to VMAT.

Conclusion: The radiation burden in high-precision radiotherapy, particularly from out-of-field radiation, should
be accounted for in epidemiological studies and incorporated into treatment planning optimization to minimize
second cancer risks in cHL patients.

1. Introduction susceptible to health complications including cardiovascular and pul-
monary issues as well as second malignancies [2,3]. Strategies to

Radiation therapy (RT) is successfully used in the treatment of stage I minimize the risk for these effects include using advanced RT techniques
and II classical Hodgkin lymphoma (cHL) [1]. The majority of patients which minimize the exposure of the normal tissues complemented by
achieve long-term survival after their treatment, but they remain regular long-term follow-up [1-3]. Most experience from radiation

* Corresponding author at: Cancercentrum Karolinska (CCK), Karolinska Sjukhuset i Solna, Visionsgatan 56A, véning 3, 171 76 Stockholm, Sweden.
E-mail address: mona.azizi@fysik.su.se (M. Azizi).

https://doi.org/10.1016/j.ejmp.2026.105811

Received 3 October 2025; Received in revised form 17 March 2026; Accepted 23 April 2026

Available online 2 May 2026

1120-1797/© 2026 Associazione Italiana di Fisica Medica e Sanitaria. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0008-2479-5430
https://orcid.org/0009-0008-2479-5430
https://orcid.org/0000-0003-0850-0280
https://orcid.org/0000-0003-0850-0280
https://orcid.org/0000-0001-7377-9738
https://orcid.org/0000-0001-7377-9738
https://orcid.org/0009-0006-7444-436X
https://orcid.org/0009-0006-7444-436X
https://orcid.org/0000-0003-2400-4498
https://orcid.org/0000-0003-2400-4498
https://orcid.org/0000-0003-0713-3108
https://orcid.org/0000-0003-0713-3108
mailto:mona.azizi@fysik.su.se
www.sciencedirect.com/science/journal/11201797
https://www.elsevier.com/locate/ejmp
https://doi.org/10.1016/j.ejmp.2026.105811
https://doi.org/10.1016/j.ejmp.2026.105811
http://creativecommons.org/licenses/by/4.0/

M. Azizi et al.

induced second malignancies is from studies following total body
exposure to low absorbed doses of ionizing radiation, much lower than
those typically administered in RT [4,5]. Consequently, the Interna-
tional Commission on Radiation Units and Measurements (ICRU) Report
No. 83 [2] recommended accounting for the dose to the volume of the
patient’s body excluding the target and the organs-of-interest (OOI), in
the evaluation of the treatment plan.

Compared to three-dimensional conformal radiotherapy (3D-CRT),
modern techniques such as IMRT and VMAT provide superior target
conformity and sparing of critical structures but at the cost of exposing a
larger volume of healthy tissues to low or very low doses, potentially
increasing second cancer risk [6-11]. While optimized VMAT can
reduce high-dose exposure to the heart relative to IMRT, it may increase
low-dose exposure to the lungs, which could also elevate the probability
of inducing a second cancer [12].

Proton therapy (PT) is a treatment technique that can deliver dose
distributions with improved target conformity and better sparing of
OOIs due to the distinctive dose deposition pattern of protons, charac-
terized by the Bragg peak with reduced entrance exposure and steep fall-
off at the end of the particle range. Consequently, PT can reduce low-
intermediate doses outside the target volume compared to VMAT and
IMRT [4]. Thus, PT has potential to reduce late-onset toxicities in car-
diac, pulmonary, esophageal, and thyroid tissues and to lower the risk of
second cancers [12-15]. However, PT is characterized by a mixed ra-
diation field of particles with a non-negligible production of secondary
neutrons compared to photon RT [16-18]. Indeed, interaction of the
protons in the beam line and the patient leads to the generation of
secondary neutrons that can travel farther away from the target volume
(TV) compared to the primary radiation that is confined around the TV.
Neutrons, produced as long-range secondary particles in PT, contribute
to doses in the low-dose range and can thus affect organs far from the TV
[5]. Understanding the impact of the secondary radiation on the risk of
radiation-induced second cancers is therefore essential for the assess-
ment of risks from modern RT techniques [19,20].

Modern RT is highly individualized, with treatment plans optimized
for the individual characteristics of each patient [21]. Favorable beam
arrangement and optimization strategies can lead to substantial re-
ductions in PBS compared to VMAT in Vy (the volume of an organ
receiving at least 20 Gy) and V3¢ (the volume of an organ receiving at
least 30 Gy) for the breasts, lungs, heart, and spinal cord [12,22,23].
This is particularly relevant for patients with mediastinal cHL, given the
proximity of their target to important thoracic structures such as the
breasts, heart, and lungs. While dose optimization is mainly done from
the perspective of primary doses, the impact of scattered and secondary
radiation is less explored.

Furthermore, while modern RT techniques such as VMAT and IMRT
have significant clinical benefits, they are suspected of increased radi-
ation exposure to low doses due to the high amount of monitor units
(MUs), that could lead to two to three times more leakage radiation to
the patient’s body [24]. Likewise, these techniques can expose larger
volumes of non-target tissues to low-dose radiation, thereby increasing
the integral dose [25]. It is generally accepted that the non-target in-
tegral dose can enhance normal tissue toxicities and the risk of second
malignancies, however, it is still not commonly used in clinical practice
for comparing treatment plans or evaluating outcomes [26]. To date, no
clear threshold has been established for determining what level of non-
target integral dose increase can be regarded as acceptable in clinical
practice. Nonetheless, in line with best practice and with the As Low As
Reasonably Achievable (ALARA principle), it is recommended to mini-
mize the integral dose while maintaining the target coverage in order to
limit the exposure of healthy tissues to ionizing radiation [27].

To address this knowledge gap, this study aimed to conduct a
comparative dosimetric analysis of patients with classical cHL treated
with PT with pencil beam scanning (PBS) and with photon-based VMAT.
The analysis focused on the out-of-field doses calculated from each pa-
tient’s individual treatment planning data in addition to the doses to the
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target and the healthy organs. The study also assessed the risk of second
cancer associated with the total equivalent dose in both PBS and VMAT
techniques.

2. Materials and methods
2.1. Patient cohort and treatment planning

Twenty patients with cHL with mediastinum and/or neck involve-
ment were included in this study. All patients were treated within the
PRO-Hodgkin study (ClinicalTrials.gov ID: NCT06883604). The cohort
comprised 6 females and 14 males, aged 19 to 53 years, with lymphoma
in the mediastinal area and some of them with involvement of the neck
or axilla areas. The patients received PT at the Skandion Clinic in
Uppsala, Sweden, using the PBS delivery system ProteusPlus from IBA
(Ion Beam Applications, Louvain-La-Neuve, Belgium), with energies
ranging from 60 to 180 MeV depending on the target location. For the
PBS modality, plans were made using the Eclipse treatment planning
system (TPS) (Varian Medical Systems, Palo Alto, USA). A photon VMAT
plan was also made for each patient as part of their selection for PT. The
VMAT treatment plans were made using the Monaco TPS (Elekta AB,
Stockholm, Sweden) according to the guidelines at the Uppsala Uni-
versity Hospital, Uppsala, Sweden [28,29]. The prescribed equivalent
dose to the target volume was classified into two groups according to the
presence of clinical risk factors: a high-dose group receiving 29.75 Gy
(RBE) in 17 fractions, and a low-dose group receiving 20 Gy (RBE) in 10
fractions, for both photon and proton plans. The same contours for the
clinical target volume (CTV) and OOIs were used for both the PBS and
VMAT plans. A standard CTV-to-PTV margin of 5 mm for low-dose and 7
mm for high-dose groups was used for the VMAT plans, while the proton
plans were robustly optimized based on CTV using 4.5% range uncer-
tainty and 5-7 mm setup uncertainty depending on target size and
localization. For both plans, optimization was performed in accordance
to the International Lymphoma Radiation Oncology Group (ILROG)
guidelines [28,29].

2.2. Assessment of the total dose including the out-of-field doses

The assessment of the total absorbed dose is generally possible for
organs in the scanned volume used for treatment planning, however this
is a challenge for organs situated outside the planning CT volume. The
lack of information in the planning CT about the patient anatomy
outside the scanned volume could be supplemented through the use of
whole-body computational phantoms that provide detailed anatomy of
out-of-scan organs and enabling three-dimensional dose calculations for
tissues outside the TV [19]. For this purpose, a modified version of
MATLAB-based Interactive Software for Image Segmentation and
Registration (IS%aR) [19,30] was employed in the present investigation.
The software generates a whole-body CT for individual patients by
combining their planning CT with an appropriately-modified reference
phantom from ICRP-110 [31]. For the organs for which contours were
not available from the TPS, the contouring tools from the automatic
segmentation tool Total Segmentator were used to generate the corre-
sponding delineations [32].

Another challenge in estimating the total dose received during the
RT is the limited information on the secondary radiation contribution.
TPSs often underestimate the dose delivered to organs located far from
the primary target [33]. To overcome this issue for the VMAT plans of
the present study, only photon absorbed dose distributions within the
5% isodose volume were extracted directly from the TPS. For regions
outside the 5% isodose, photon secondary doses were estimated using
the Periphocal 3D (P3D) software [34]. The Periphocal 3D model was
based on Monte Carlo (MC) simulations of peripheral dose for a 6 MV
treatment using the ICRP-110 phantom and validated with thermolu-
minescent dosimeter measurements in an ATOM phantom under VMAT
irradiation. This software calculates the 3D out-of-field dose distribution
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in the whole-body phantom model of each patient based on input pa-
rameters such as the prescribed dose, monitor units, the mean field size
(defined by the 50% isodose), isocenter location, and CT of the patient
which have been extracted from each individual VMAT plan. The output
is a total whole-body dose matrix containing all structures presented in
the ICRP-110 produced by IS?aR.

For the proton plans, the contribution of secondary neutrons was
assessed by MC simulation. The modeling of the proton beam at Skan-
dion Clinic has been described previously using the MCNP 6.2 code
[35-37]. The MCNP default configuration was used, consisting of the
ENDF nuclear data library and the Cascade-Exciton Model (CEM) for
high-energy nuclear interactions [37]. The proton source was defined at
the nozzle exit and, therefore, only internally generated secondary
neutrons (with the additional contribution of the range shifter when
used in the plan) were considered. Each patient plan was simulated
reproducing the clinical treatment plan layer by layer, accurately
modeling the distribution of proton spots. As with photon plans, a voxel-
by-voxel approach was followed. The neutron dose equivalent in each
voxel for each whole-body phantom was computed, taking into account
the energy dependence of the radiation quality factor (Q) for neutrons
[38,39]. The evaluation of dose equivalent following this approach in-
troduces additional uncertainties associated with the use of those fac-
tors. Experimental studies assume uncertainties not lower to 20% to this
approach [4,40]. Further uncertainties arise from the data libraries and
nuclear models used in the simulations to score the neutron energy
distributions. Comparisons between different Monte Carlo codes using
default settings have shown differences of up to 16% in the dose
equivalent due to spectral differences [41]. With these considerations in
mind, the number of primary protons simulated was chosen as a
compromise between reasonable computation time and reduced statis-
tical uncertainty, targeting values below 10%. Depending on the patient,
the number of simulated primary protons ranged from 8 x 108 to 1.5 x
10°. Finally, the total dose matrix was obtained summing the neutron
dose equivalent distribution to the proton dose equivalent distribution
extracted from the TPS. For consistency, the proton absorbed dose was
weighted using a different RBE/weighting factor depending on the re-
gion [19]. The usual clinical RBE of 1.1 was applied to the in-field dose
(inside the 50% isodose), while a wg of 2 was applied to the out-of-field
dose, following the proposal by Romero-Expdsito et al. [19]. As a result,
the dose distributions will be expressed in units of dose equivalent,
Sievert (Sv). The assumption that Gy (RBE) is equivalent to the Sievert
was made only in the in-field area. However, this will not have an impact
on the estimated risk of second cancer in the patient's organs.

2.3. Evaluation of the non-target integral dose equivalent

The integral dose, indicating the total energy deposited in the
healthy tissue gives a measure for healthy organ sparing, with a lower
integral dose indicating reduced exposure to healthy tissues. In this
study, we evaluated a modified metric focusing exclusively on non-
target tissues denoted as a non-target tissue integral dose equivalent
(NTIH). The NTIH was defined as the volume-averaged dose equivalent
to all voxels outside the target volumes and was calculated as:

1 m
NTIH = — Y HV,
Ve ; Vi

Here, H; and V; represent the dose equivalent and volume of voxel i,
respectively, while Vyr denotes the total volume of the non-target tissue.
The summation is performed over all voxels i belonging to non-target
tissues, with all target volume voxels excluded. As all voxels in a given
patient dataset have identical volume, this formulation corresponds to a
volume-averaged dose equivalent in non-target tissues. The NTIH was
derived from the 3D total dose equivalent distributions, explicitly ac-
counting for the out-of-field doses for both the proton and photon plans.
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2.4. Evaluation of lifetime attributable risk including the out-of-field doses

The lifetime attributable risk of second cancer (LAR) for both PBS
and VMAT treatment plans was estimated accounting for the total dose
equivalent delivered. Dose-volume histograms (DVHs) were generated
for the different organs across all patients. In both treatment modalities,
the DVHs accounted for the contributions of the primary and secondary
radiation and an equivalent dose was calculated taking into account the
type of radiation contributing to the total equivalent dose [19]. The LAR
values were calculated for each patient, accounting for their age at
exposure, with an assumed attained age of 70 years and a latency period
of 5 years.

The dose-response relationship between radiation exposure and in
vivo cancer risk is complex and remains an area of active investigation
[43,44]. According to AAPM Report No. 158, cancer risk increases
approximately linearly with dose up to about 2 Sv [45], whereas at
higher doses the dose-response relationship becomes more uncertain,
and additional biological effects, such as cell killing, may influence risk
estimates [46]. For organs receiving doses below 2 Sv, cancer risk can be
estimated using linear no-threshold models, such as those proposed by
BEIR [42] or ICRP [37], which rely on the mean dose. In contrast, for
dose levels exceeding 2 Sv [19], risk assessment models typically
incorporate dose distributions or voxel-level calculations [18]. In this
study, two risk models were applied according to the organ-equivalent
dose. For equivalent doses greater than 2 Sv, the Schneider mecha-
nistic model, accounting for cell killing and fractionation effects, was
used through the organ equivalent dose (OED) formalism [19].
Conversely, the BEIR VII linear no-threshold model was applied for
equivalent doses below 2 Sv [42].

3. Results
3.1. Dose analysis accounting for out-of-field doses

The dose equivalent distributions from the PBS and VMAT plans for
one individual patient (#7 in the patient cohort) which was prescribed
29.75 Gy (RBE) in 17 fractions is presented in Fig. 1. This patient is in the
middle range of doses in the cohort, hence the suitable choice for the
illustration of the difference between the dose distribution rendered by
the TPS, confined to planning CT area, and the calculated total equiv-
alent dose accounting for the contribution of out-of-field doses covering
the whole-body phantom.

10*

Fig. 1. Comparison of dose equivalent distributions in photon and proton plans
for a representative cHL patient (#7) from the high-dose group a) primary
proton dose distribution from the TPS for the PBS plan; b) total dose equivalent
in the whole-body CT for the proton plan; ¢) primary photon dose from the TPS
for the VMAT plan; and d) total dose equivalent in the whole-body phantom for
the VMAT plan. Please note that the dose scale is logarithmic.
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Fig. 2 presents the DVHs for the esophagus, comparing the primary
dose from the TPS with the total equivalent dose, which includes sec-
ondary dose contributions, for both proton and photon plan to illustrate
the importance of accounting for the total equivalent dose with respect
to the volume receiving very low doses. The inserts display the low-dose
regions below 0.1 Sv, where the contribution from neutron radiation
becomes evident in the proton plan in Fig. 2a. The total equivalent dose
in the photon plan includes primary radiation and the estimated low-
dose contributions from scattered radiation, observed at below 1.4 Sv
outside the 5% isodose region. The total equivalent dose shows that
including scattered radiation shifts the photon plan curve upward,
indicating higher volumes and highlighting that the TPS may underes-
timate secondary doses when out-of-field contributions are excluded.
Although the esophagus was selected to illustrate the impact of sec-
ondary radiation, it should be noted that secondary radiation doses may
be even higher in relative terms, for organs located farther from the TV,
where the contribution from stray radiation becomes more prominent
compared to the primary dose.

Table 1 presents the equivalent neutron and total equivalent doses in
the PBS plan, along with the secondary and total photon doses in the
VMAT plan for the representative patient #7. For PBS plans, the re-
ported equivalent dose includes contributions from both primary pro-
tons and secondary neutrons. For VMAT plans, the equivalent dose
accounts for photon contributions from primary and secondary radia-
tion. Organs located closer to the TV receive higher neutron doses than
those farther away. The thyroid received the highest neutron dose of 90
mSv, followed by the spinal cord at 70 mSv and the esophagus at 66
mSv. The uterus and ovaries received some of the lowest neutron doses,
each at 2 mSv.

In the PBS plan, total equivalent dose ranges from 2 mSv to 20.3 Sv
across different organs. The thyroid receives the highest dose at 20.3 Sv,
followed by the esophagus at 9.5 Sv. Due to the tumor's location on the
left side, the left lung received 6.0 Sv, while the right lung received 3.1
Sv. Moreover, the neutron equivalent dose was 34% higher in the left
lung than in the right one. Similarly, the dose received by the left breast
was 0.6 Sv, which was ten times higher than that received by the right
breast. Distant organs like the liver, stomach, spleen, uterus, and ovaries
received no primary proton dose, and despite increased neutron con-
tributions, total doses remained minimal. Neutron dose equivalent in
organ was generally obtained with statistical uncertainties below 10%.
For organs in the head, thorax, and abdomen, the uncertainties were
below 5%.

In the VMAT plan, total equivalent doses vary between 8.0 Sv to 19.0
Sv across different organs. The thyroid, situated within a high-dose
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Table 1

Equivalent doses in selected organs for a representative cHL patient (#7) from
the high-dose group, using both PBS and VMAT techniques. In the PBS plan, the
total dose includes both the proton and neutron contributions, while in the
VMAT plan, it consists of the photon dose contributions from both the primary
and secondary radiation.

Organs Equivalent dose for 17 fractions (mSv) Ratio of total
equivalent dose
(VMAT/PBS)
PBS plan VMAT plan
Neutrons  Total Secondary Total
radiation
Thyroid 9.0 x 10' 203 - 19.0 0.9
x 10° x 10%
Esophagus 6.6 x 10 9.5 x 2.0 x 10% 11.2 1.2
10° x 10%
Left Lung 4.8 x 100 6.0 x 3.5 x 102 7.0 x 1.2
10° 10°
RightLung 3.2 x10' 3.1 x 4.0 x 10% 3.6 x 1.2
10% 108
Spinal 7.0 x 100 4.0 x 0.7 x 10 13.1 3.3
cord 10° x 10°
Left Breast 2.7 x 10" 6.0 x 1.8 x 10% 1.0 x 2.0
102 10%
Right 1.7 x 101 6.1 x 2.3 x 10% 1.4 x 25.0
Breast 10! 10°
Heart 3.0x 100 6.3 x 3.6 x 102 1.0 x 1.6
102 10°
Liver 1.0 x 101 1.0 x 2.0 x 10? 0.2 x 20.0
10! 108
Stomach 1.0 x 101 1.0 x 1.8 x 10? 0.1 x 10.0
10! 10°
Spleen 1.0 x 10! 1.0 x 1.5 x 102 0.1 x 10.0
10! 108
Uterus 0.2 x 10" 0.2 x 0.8 x 10* 0.8 x 4.0
10! 10
Ovaries 0.2 x 100 0.2 x 0.8 x 10* 0.8 x 4.0
10! 10

region, receives the highest dose at 19.0 Sv. Among the organs, the lungs
experience the most significant contribution from secondary radiation,
with each receiving nearly 0.4 Sv to a total equivalent dose of 7.0 Sv for
the left lung and 3.6 Sv for the right. In contrast, organs located in low-
dose regions, such as the liver, stomach, spleen, uterus, and ovaries, are
only affected by secondary radiation, and the total equivalent doses in
these organs remain below 0.2 Sv.

The comparison of total equivalent doses between PBS and VMAT for
the representative patient revealed notable differences across organs.
PBS consistently resulted in lower doses to healthy tissues, except for the

100 b 1004
90| ) o) !
1 80 k
so{! / \
70 it
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) %05 1 2 3 4
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Fig. 2. DVH for the esophagus, for a) the primary and total equivalent dose for the proton plan and b) the same for the photon plan for cHL patient #7.
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thyroid located within the target volume. For example, VMAT delivered
25 times more total equivalent dose to the right breast and 20 times
more to the liver compared to PBS. The VMAT-to-PBS total equivalent
dose ratio ranged from 1.2 to 25. These findings underscore the
advantage of PBS in sparing healthy tissue, while VMAT’s broader dose
distribution calls for careful planning to minimize toxicity.

3.2. Dosimetric comparison of total equivalent doses in the patient cohort

Fig. 3 compares the mean organ doses from the total proton and
photon plans in the cohort of 20 cHL patients. The total proton plan
consistently resulted in lower mean doses across all organs. Doses
ranged from < 0.1 mSv to 13.2 Sv to in the total proton plan and from 5
mSv to 15.5 Sv in the total photon plan. For organs close to the TV, such
as the thyroid, lungs, breasts, heart, and esophagus, the mean dose
differences ranged from 1.3 to 4.5 Sv. Moreover, reductions of 38%,
48%, 50%, and 61% were observed in the right lung, left lung, left
breast, and right breast, respectively. For organs located farther from the
target, including the stomach, liver, bladder, colon, and prostate, dose
differences were under 0.3 Sv.

Fig. 4 illustrates the NTIH values for the total proton and total photon
dose distributions across all treatment fractions for the 20 patients.
Patients 1-14 were in the high-dose prescription group, while the
remaining (15-20) were in the low-dose prescription group. As noted
above, the total photon and proton plans represent the dose equivalent
distributions accounting for the out-of-field doses in both modalities,
including secondary dose contributions. As expected, the results show
that the NTIH of the proton plans is consistently lower than that of the
corresponding photon plans. The patient-specific NTIH values for the
total photon and proton plans range from about 0.2 to 2.2 Sv and 0.1 to
1.3 Sv, respectively.

Despite both plans being designed to achieve equivalent target
coverage and healthy organ sparing, the NTIH values are significantly
higher in all total photon plans than in the total proton plans. The
highest and lowest photon-to-proton NTIH ratios are 2.8 and 1.2,
respectively, found in two patients (#2 and #14 in Fig. 4) from the high-
dose group. The high NTIH values in total photon plans suggest that
larger volumes of organs close to the TV are exposed to a low-dose ra-
diation bath compared with total proton plans. In VMAT, these low-dose
volumes arise from machine scatter and leakage, yielding increased in-
tegral doses to the organs outside the TV.
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Fig. 3. Comparison of mean doses (Sv) to the organs from the total proton and
photon plan across 20 patients with cHL.
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Fig. 4. Non-target integral dose equivalent (NTIH) (Sv) for the total proton and
photon plan across all treatment fractions in 20 cHL patients.

3.3. Estimating lifetime attributable risk accounting for the out-of-field
doses

The LAR (%) estimated for the development of lung cancer induced
by RT from both the total dose and primary plan in PBS and VMAT plans
for 20 cHL patients are depicted in Fig. 5. Patients 1-14 were assigned to
the high-dose group, while the remaining (15-20) were assigned to the
low-dose group. The LAR (%) values were derived using the Schneider or
BEIR risk models, based on the equivalent dose to specific organs. Fig. 5
illustrated that the LAR (%) for the total photon plan is higher than that
for the total proton plan, ranging from 4.7% to 2% in the high-dose
group and from 1.9% to 0.3% in the low-dose group, compared to
3.2% to 1% and 1.1% to 0.1% for the proton plan, respectively.

In terms of the effect of secondary radiation on the risk of radiation-
induced lung malignancies from PBS and VMAT plan, Fig. 5 shows that
the LAR (%) from both the total proton and photon plan is higher
compared to their respective primary plan. Among individual cHL pa-
tients, the difference between maximum and minimum LAR (%) in the
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Fig. 5. Comparison of lifetime attributable risk (LAR (%)) for lung cancer in-
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total versus primary photon plans ranges from 0.1% (#20 in Fig. 5) to
0.5% (#1 in Fig. 5). This variation is associated with the low-dose ra-
diation, which is not accounted for in the primary photon plan. A similar
trend is observed in the proton plan, with a maximum LAR (%) differ-
ence of 0.2% (#4 in Fig. 5), due to the TPS's limitations in accurately
calculating secondary neutron production during proton therapy.

Fig. 6 shows the LAR (%) values for various organs, including the
thyroid, lungs, esophagus, female breasts, stomach, liver, bladder,
colon, uterus, and ovaries in female patients, as well as the prostate in
male patients, across the 20 cHL cases for both total photon and proton
plan after accounting for all contributing secondary radiation doses. For
the total photon plan, the overall LAR (%) ranged from 3.5% to 7.7% in
the high-dose group and from 1.3% to 3.3% in the low-dose group. For
the total proton plan, the corresponding ranges are 3.4% to 5.3% and
0.5% to 3.8%. The largest LAR (%) difference between the two total
proton and photon plan is observed in one patient (#8 in Fig. 6) from
high-dose group, with values of 1.8% and 5.2%, respectively.

Overall, the highest LAR (%) values were observed in the lungs,
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thyroid, and female breasts. As the thyroid is typically located within the
treatment field in most cHL cases, comparable LAR (%) values were
observed between the total photon and proton plans, ranging from 0.1%
to 2.1%. For instance, patient #1 exhibited identical thyroid LARs of
2.1% for both modalities, while patient #2 demonstrated the highest
discrepancy between the two, with a difference of 1.1%.

Although the LAR (%) values for the lungs are lower in the total
proton plan compared to the total photon plan, the lungs still show the
highest LAR (%) overall, with values ranging from 0.1% to 4.4% in the
total photon plan and 0.1% to 3.0% in the total proton plan. A similar
trend is observed for the female breasts, where LAR (%) values range
from 0.3% to 2.2% in the total photon plan and from 0.1% to 1.7% in the
total proton plan. The reproductive organs have the lowest values
(below 0.1%). For the remaining organs located far from the treatment
area, the LAR (%) values remain below 1% in all patients for both
modalities.

3.4. LAR (%) versus NTIH

Fig. 7 presents a scatter plot showing the ratio of NTIH for the total
proton plan to the total photon plan on the x-axis, plotted against the
corresponding ratio of LAR for the total proton plan to the total photon
plan on the y-axis, for cHL patients. The red stars in the Fig. 7 are
representative of the low-dose group. As most radiosensitive organs such
as the lung and breast are located further from the TV, all the patients in
the low-dose group lie below the identity line, indicating lower LAR
ratios compared to the NTIH.

Across all patients, the NTIH delivered by total proton plan is
consistently lower than the total photon plan, with all NTIH ratios falling
below 1.0. These ratios span approximately from 0.3 and 0.7, indicating
that the total proton plan reduces the dose to non-target tissues nearly by
30% to 70% compared to the total photon plan. Similarly, the LAR ratios
also lie below 1.0, ranging from approximately 0.3 to 0.9, corresponding
to a 10% to 70% reduction relative to the total photon plan. Some pa-
tients with similar NTIH ratios of approximately 0.6, had varying LAR
ratios of 0.5 (#2 in Fig. 6), 0.7 (#6 in Fig. 6), and 0.8 (#7 in Fig. 6),
indicating a high increase in estimated risk.

Fig. 8 shows the variation in LAR (%) as a function of attained age
(40-100 years) for three cases: lung and breast cancer risks in a 21-year-
old female patient (#3 in Fig. 6) with OEDs of 3.0 Sv and 2.6 Sv,
respectively, and lung cancer risk in a 19-year-old male patient (#8 in
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(NTIH) for the total proton plan to the total photon plan versus the ratio of
lifetime attributable risk (LAR) for the total proton plan to the total photon plan
for 20 cHL patients.
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Fig. 6) with an OED of 3.1 Sv.

An increasing trend in the LAR (%) with attained age is observed for
all cases. For instance, in the 21-year-old female, the LAR (%) for lung
increased from approximately 0.2% at an attained age of 40 years to
8.2% at 100 years. A similar trend was seen in the 19-year-old male,
though with consistently lower LAR (%) values from 0.2% to 6.3%. This
is consistent with the cumulative nature of radiation-induced cancer
risk, where longer survival allows more time for a potential malignancy
to develop.

Sex-specific differences are also evident. Despite similar ages at
exposure and identical OEDs, the female patient showed higher LAR (%)
values for lung cancer than the male patient at all attained ages. At age
80, for example, the LAR (%) for the male lung was 4.5%, compared to
5.2% in the female.

Furthermore, the comparison of organ-specific radiosensitivity in the
female patient showed substantial differences. The LAR (%) for breast
cancer was consistently higher than for lung cancer at all attained ages.
At age 50, the LAR (%) was 2.5% for breast and 0.9% for lung, increasing
to 6.8% for breast and 3% for lung at age of 70, and reaching 9.1% for
breast and 5.3% for lung at age 80. Breast LAR consistently exceeds lung
LAR, with a steeper slope (~0.18% vs. ~0.13% per year), highlighting
greater breast radiosensitivity. Although Fig. 8 presents results for two
representative patients, the observed trends are consistent across the
cHL patient cohort and therefore the conclusions drawn are represen-
tative for the overall study population.

4. Discussion

In this study, dosimetric parameters were compared between PBS
and VMAT plans in 20 patients from the PRO-Hodgkin study treated for
cHL. The aim was to evaluate the total radiation dose delivered to the TV
and surrounding healthy tissues by incorporating analytically-estimated
out-of-field doses. To enable a comprehensive and patient-specific
assessment, we applied a previously developed methodology that in-
tegrates out-of-field and in-field doses calculated by the TPS, providing a
more accurate comparison of overall radiation exposure between the
two modalities [19].

To the best of our knowledge, this is the first study to compare PBS
and VMAT in a cHL cohort with a specific focus on out-of-field radiation
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dose. When comparing PBS and VMAT in terms of healthy-organ
sparing, our results showed notable differences in mean dose for or-
gans located near or partially within the TV (Fig. 3). Specifically, dose
reductions with PBS compared to VMAT reached up to 1.8 Sv for the
esophagus, 2.0 Sv for the female breast, 2.3 Sv for the thyroid, 2.8 Sv for
the lungs, and 4.0 Sv for the spinal cord. In contrast, for organs located
farther from the TV, the dose differences between the two modalities
were consistently below 0.5 Sv. Nonetheless, our findings are in agree-
ment with previous investigations that have reported significant re-
ductions in dose to healthy organs when PT is compared to conventional
photon-based techniques. These studies consistently highlight the dosi-
metric advantages of PT, particularly its potential to reduce radiation
exposure to healthy tissues located outside the TV [44,47-53].

As emphasized in AAPM TG-158, out-of-field radiation doses, though
lower than in-field doses, can be clinically relevant and are often
underestimated by TPS, warranting their inclusion in total dose assess-
ments [16]. In line with this, our analysis demonstrates that incorpo-
rating out-of-field doses leads to higher estimates of the total equivalent
dose compared to those derived solely from TPS data (Table 1). In our
representative patient, the highest mean out-of-field doses were
observed in the thyroid and right lung, and were due to neutrons and
secondary photons, respectively. These doses corresponded to 0.3% and
1.4% of the prescribed dose in the total proton and photon plans. As
previously noted, this representative patient is positioned near the me-
dian of the cHL cohort; therefore, higher out-of-field dose values may be
observed in some cases. Nevertheless, across all patients and in both
treatment modalities, the out-of-field doses consistently remained below
5% of the prescribed dose.

A strength of this study is the use of a synthetic whole-body imaging
for each individual patient, allowing for more accurate estimation of
radiation doses to distant organs outside the primary treatment fields.
Various methods exist to construct whole-body anatomical models, such
as employing computational phantoms or generating synthetic repre-
sentations [54-56]. This study adopted the IS%aR framework that gen-
erates patient-specific anatomical geometries using each individual’s
planning CT. Furthermore, two RBE models were applied to the PT plans
to improve the assessment of the biologically equivalent dose and sec-
ond cancer risk, with a particular emphasis on out-of-field regions.
While clinical PT typically assumes a constant RBE of 1.1, studies have
shown that RBE values can increase up to approximately 2 near the
distal edge of the Bragg peak due to elevated linear energy transfer (LET)
[57,58], as well as in regions receiving very low doses. The interest in
variable RBE models to address this issue is increasing. The imple-
mentation of such models in commercial TPS would enable voxel-wise
evaluation of the equivalent dose in OOIs. However, both constant
and variable RBEs currently available are often based on cell survival
endpoints, while experimental data for endpoints relevant to cancer
induction are rather scarce. This concern motivated our conservative
approach of using a radiation weighting factor wg = 2 for out-of-field
doses. In a previous study, Romero-Expdsito et al. reported increased
doses of 1.1 Sv and 1.3 Sv for the esophagus and thyroid, respectively,
when wg =2 was applied in a cHL patient [5,59]. Accordingly, the
same approach was employed in our study to produce more realistic and
representative estimates of the biological effect of the dose and associ-
ated risk.

According to data from the United States Surveillance, Epidemi-
ology, and End Results (SEER) Program, approximately 8% of second
malignancies in cancer survivors may be attributable to prior exposure
to RT [60]. These malignancies often manifest after several years, with
the latency period varying across individuals. Optimizing or at least
evaluating treatment plans from the point of view of the predicted
second cancer risk is therefore important to select the most advanta-
geous RT modality.

Studies on early-stage HL survivors show that at 15-20 years after
radiotherapy, cumulative mortality from secondary cancers surpasses
mortality from HL itself [61-63]. Among these secondary cancers, breast



M. Azizi et al.

cancer represents the highest absolute risk in HL survivors [64-66],
which is in line with the predictions from our modelling. While PT de-
livers high doses to smaller volumes, photon-based techniques such as
VMAT expose larger volumes to low doses. Current clinical guidelines
recommend limiting the mean breast dose to less than 4 Gy to reduce the
long-term risk [25]. In a cohort of 185 female HL survivors under the age
of 50, small-field radiation therapy was associated with a 20-year cu-
mulative incidence of second breast cancer of just 3.1% [22]. Baues et al
suggested that IMPT (Intensity-Modulated Proton Therapy) led to a
significant reduction in mean breast doses 7 times (0.7 Gy) compared to
the VMAT plan [67]. In our study, although mean breast doses for both
PBS and VMAT plans were < 4 Sv, the VMAT led to up to ~10 Sv in one
case, versus ~6 Sv with PBS. Correspondingly, the estimated breast
cancer risk was 2.6% for the total photon plan and 1.9% for the total
proton plan.

Second lung cancers pose significant long-term risks in cHL patients,
particularly those with mediastinal involvement and in combination
with smoking [23]. In a review of several epidemiological studies, it was
shown that lung cancer risk increases by about 14-15% per Gy for doses
above 5 Gy with effects persisting for over two decades [68,69]. In our
cohort, mean lung doses reached on average 3.2 Sv with the total proton
plan and 5 Sv with the total photon plan, though some patients received
up to 9.5 Svand 11 Sv, respectively (Fig. 3). LAR (%) values for the lungs
reaches up to 3.2% for the total proton plan and 4.4% for the total
photon plan, with esophageal LAR (%) reaching 1.2% for both plans
(Fig. 6).

In cHL patients, the close proximity of organs to the TV requires steep
dose gradients, making accurate assessment of normal tissue dose
essential, as higher integral dose is thought to correlate with increased
second cancer risk. Multiple studies [70-73] support that PT signifi-
cantly reduces integral dose compared to photon therapy, with two
reporting a 2-3-fold reduction [72,73]. Our findings confirm this with
the NTIH from the total PT plan being 0.3-0.6 of that from the total
photon plan, even accounting for out-of-field dose. Moreover, the use of
active scanning PT, significantly reduces neutron dose compared to
passive scattering techniques, further lowering the risk of second ma-
lignancies compared to earlier PT techniques. In fact, PBS has been
shown to reduce neutron exposure by approximately an order of
magnitude relative to passive scattering methods [50], contributing to
decreased out-of-field doses and associated cancer risk [50-53].

The National Research Council in the BEIR-VII report defined age-
gender- and organ-specific risk factors for carcinogenetic effects for
whole population of 0-85 years [17]. These factors are incorporated in
LAR models, which are based on epidemiological data [15]. In this
study, the LAR (%) was estimated from the age at exposure up to 70
years, based on a cohort of male and female cancer survivors aged 19 to
57 at the time of treatment. Integrating out-of-field doses led to a slight
increase in LAR (%) estimates, 1% in the total photon plan, while the
impact was about half in the total proton plan (Fig. 5). These results are
in agreement with the previous studies [8,19,73,74]. Romero-Exposito
et al. reported that, in a PBS-treated cHL patient with the target located
in the left supra-clavicular fossa (without mediastinal involvement) the
lifetime risk of lung cancer was 0.51% from the therapeutic proton dose
and increased to 0.72% when the neutron dose was included [5].
Additionally, for VMAT, the inclusion of out-of-field doses increased the
risk for lung and breast cancer from 14% to 17% and 12% to 16%,
respectively. It is worth noting that their estimates were based on an
attained age of 100 years. Given that the risk of second primary lung
cancer increases by a factor of 2.9 at age 100 compared to age 70, our
findings are consistent with theirs (Fig. 8). Mazonakis et al. also assessed
the second cancer risk to the lungs, breasts, and esophagus in HL patients
with 6 MV photon RT, reporting maximum LARs of 2.8%, 2.3%, and
0.41%, respectively, which are in the same range as our findings [24].
Schneider et al. reported that PT reduces predicted cancer risk by
approximately 70% compared to photon modalities, based on a com-
parison of previous studies [25]. Passively scattered proton therapy
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produces significantly more secondary neutrons than active scanning,
leading to equivalent doses 5-50 times higher and an approximately
tenfold increase in neutron-related risk [26,27].

When assessing the contribution of individual organs to total LAR in
cHL patients, lung and thyroid cancers are of greater concern in males,
while breast cancer contributes to risk in females especially young pa-
tients (Fig. 6). This pattern aligns with the high-risk coefficients reported
in the BEIR VII report [17], which reflect findings from epidemiological
studies [28]. This topic has been investigated in several publications
[75-77]. Athar et al. reported LAR values of 1.3% for the breast and
1.2% for the lung, despite absorbed doses of 1.8 Sv and 3.9 Sv, respec-
tively [29]. Similarly, in our study, a 21-year-old female with mean
breast and lung doses of 1.4 Sv and 6.0 Sv showed a notably higher LAR
for the breast, with the difference increasing with age and reaching
3.9%. Scorsetti et al. reported a reduction in the risk of second breast and
lung cancers by 9.1% and 7.2%, respectively, when using IMPT
compared to VMAT [30]. Additionally, the LAR (%) for the prostate,
uterus, and ovaries remains below 0.01, indicating a minimal risk to
these organs.

While this investigation demonstrates that lower NTIH values high-
light the dosimetric advantage of PBS over VMAT in reducing exposure
to non-target tissues (Fig. 4), NTIH alone may not be a reliable indicator
of individual patient risk (Fig. 7). This is because the relationship be-
tween radiation dose and biological response is nonlinear at higher
doses and influenced by multiple factors. Therefore, a lower NTIH does
not necessarily correspond to a proportionally lower risk. For instance,
our results show that PBS reduced NTIH by up to 40% compared to
VMAT, while the associated LAR reductions were 47%, 27%, and 21%
for a 32-year-old male (#1, Fig. 6), a 40-year-old male (#6, Fig. 6), and a
43-year-old female (#7, Fig. 6), respectively. Similarly, Timlin et al.
quantitatively demonstrated that risk is not directly proportional to in-
tegral dose, both at the organ level due to non-linearity in dose curve
and in total risk estimates where this variation is largely driven by dif-
ferences in the radiosensitivity of individual organs [31]. In one
example, the integral dose to the breast was similar for both IMPT and
VMAT, yet the associated risk was higher with VMAT. These findings
underscore that integral dose in non-target tissues may not be a
consistent predictor of risk, particularly when irradiated organs vary in
radiosensitivity and dose-response relationships are nonlinear.

A further limitation of this study lies in the estimation of total dose,
as imaging dose was not specifically included in the current analysis. In a
recent study, we included the imaging doses alongside out-of-field doses
to assess the total dose [78], but the magnitude of the impact depends
very much on the imaging modality, protocol and the frequency of its
use. As these might differ between the proton and photon treatments,
they would act as confounding factors for the present analysis.

The secondary neutrons in PBS were modelled by considering only
those produced internally in the patient, with the additional contribu-
tion from the range shifter when it was used in the treatment plan. This
simplification also represents a limitation of the reported doses. How-
ever, additional elements such as the patient couch, the gantry, or the
concrete walls mainly contribute to organ doses far from the treatment
field [35], which are of lower relevance for this study due to the low
dose levels involved. Therefore, including further elements in the
simulation would only increase the computation time without affecting
the main conclusions of the study.

5. Conclusion

In this study, a comprehensive methodology was employed to inte-
grate out-of-field doses, estimated using analytical models, with in-field
doses calculated by the TPS for both PBS and VMAT techniques for cHL
patients. The results showed that the dosimetric advantages of PT over
VMAT are maintained and that the impact of out-of-field doses, while
relatively large for organs away from the target volume, is rather small
in absolute terms. Nevertheless, future incorporation of the cumulative
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dose will allow a better evaluation of treatment plans which may be
translated into a potential lowering of the risk of long-term radiation-
induced side effects.

Furthermore, the methodology employed allowed for more reliable
predictions of second cancer risk based on total dose estimates. Our
results demonstrated that PT significantly reduces radiation exposure to
non-target tissues, by up to 63%, and lowers estimated cancer risk by up
to 40% compared to VMAT, particularly for organs located at greater
distances from the field edge. These findings highlight the clinical value
of including evaluations of second cancer risks when selecting the
optimal treatment technique, especially in young female cHL patients,
for whom highly radiosensitive organs may otherwise be unintention-
ally exposed.
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