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ABSTRACT
Introduction: Hodgkin lymphoma (HL) is a highly curable hematological malignancy. Consolidation
radiation therapy techniques have made significant progresses to improve organ-at-risk sparing in
order to reduce late radiation-induced toxicity. Recent technical breakthroughs notably include inten-
sity modulated proton therapy (IMPT), which has demonstrated a major dosimetric benefit at the car-
diac level for mediastinal HL patients. However, its implementation in clinical practice is still
challenging, notably due to the limited access to proton therapy facilities. In this context, the purpose
of this study was to estimate the benefit of IMPT for HL proton therapy for diverse cardiac adverse
events and to propose a general frame for mediastinal HL patient selection strategy for IMPT based
on cardiotoxicity reduction, patient clinical factors, and IMPT treatment availability.
Material and methods: This retrospective dosimetric study included 30 mediastinal HL patients
treated with VMAT. IMPT plans were generated on the initial simulation scans. Dose to the heart, to
the left ventricle and to the valves were retrieved to calculate the relative risk (RR) of ischemic heart
disease (IHD), congestive heart failure (CHF) and valvular disease (VD). Composite relative risk reduc-
tion (cRRR) of late cardiotoxicity, between VMAT and IMPT, were calculated as the weighted mean of
relative risk reduction for IHD, CHF and VD, calculated across a wide range of cardiovascular risk factor
combinations. The proportion of mediastinal HL patients who could benefit from IMPT was estimated
in European countries, based on the country population and on the number of active gantries, to pro-
pose country-specific cRRR thresholds for patient selection.
Results: Compared with VMAT, IMPT significantly reduced average mean doses to the heart (2.36Gy
vs 0.99Gy, p< 0.01), to the left ventricle (0.67Gy vs 0.03, p< 0.01) and to the valves (1.29Gy vs. 0.06,
p< 0.01). For a HL patient without cardiovascular risk factor other than anthracycline-based chemo-
therapy, the relative risks of late cardiovascular complications were significantly lower after IMPT com-
pared with VMAT for ischemic heart disease (1.07 vs 1.17, p< 0.01), for congestive heart failure (2.84
vs. 3.00, p< 0.01), and for valvular disease (1.01 vs. 1.06, p< 0.01). The median cRRR of cardiovascular
adverse events with IMPT was 4.8%, ranging between 0.1% and 30.5%, depending on the extent of
radiation fields and on the considered cardiovascular risk factors. The estimated proportion of HL
patients currently treatable with IMPT in European countries with proton therapy facilities ranged
between 8.0% and 100% depending on the country, corresponding to cRRR thresholds ranging from
24.0% to 0.0%.
Conclusion: While a statistically significant clinical benefit is theoretically expected for ischemic heart
disease, cardiac heart failure and valvular disease for mediastinal HL patients with IMPT, the overall
cardiotoxicity risk reduction is notable only for a minority of patients. In the context of limited IMPT
availability, this study proposed a general model-based selection approach for mediastinal HL patient
based on calculated cardiotoxicity reduction, taking into consideration patient clinical characteristics
and IMPT facility availability.
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Introduction

Hodgkin lymphoma is a rare hematological malignancy,
which incidence is estimated around 2.7 cases per 100,000
person-year [1], with a high curability rate, estimated
between 80% and 90% [2]. Consolidative radiation therapy
(RT) improves disease control for limited and intermediate
HL and is currently a standard of care in those indications

[3]. However, first generation techniques used extended-field
radiation therapy technique (EFRT), which increased late car-
diac morbidity for mediastinal HL [4]; consequently,
significant progresses were made to improve organ-at-risk
(OAR) sparing in order to reduce late radiation-induced
toxicity. Recent technical breakthroughs notably include
‘butterfly’ volumetric modulated arctherapy (VMAT) [5],

CONTACT Pierre Loap pierre.loap@gmail.com Department of Radiation Oncology, Institut Curie, Paris, France�Contributed equally to the work as last senior coauthors.
Supplemental data for this article is available online at https://doi.org/10.1080/0284186X.2022.2084639.

� 2022 Acta Oncologica Foundation

ACTA ONCOLOGICA
2022, VOL. 61, NO. 8, 979–986
https://doi.org/10.1080/0284186X.2022.2084639

http://crossmark.crossref.org/dialog/?doi=10.1080/0284186X.2022.2084639&domain=pdf&date_stamp=2022-08-12
http://orcid.org/0000-0001-8863-8110
https://doi.org/10.1080/0284186X.2022.2084639
https://doi.org/10.1080/0284186X.2022.2084639
http://www.tandfonline.com


deep-inspiration breath hold (DIBH), and intensity modulated
proton therapy (IMPT) [6]. Proton beams deliver most of their
energy toward the end of their ranges, limiting distant-to-tar-
get dose deposition in OARs compared with standard pho-
ton RT techniques, leading to a significant dosimetric benefit
at the cardiac level for mediastinal HL patients, even com-
pared to VMAT [7,8]. However, while IMPT tolerance is excel-
lent and its short-term toxicity profile might favorably
compare with VMAT, its implementation in clinical practice is
still challenging [9,10]. The current limited access to proton
therapy facilities have led multiple countries to adopt various
patient selection strategies for various cancer types, for
which IMPT is not yet considered as a current standard
[9,11–13]. While model-based selection strategies have
already been implemented for head and neck and breast
cancers [14], no such strategy has been specifically proposed
for HL yet. The purpose of this study was to estimate the
benefit of IMPT for HL proton therapy for diverse cardiac
adverse events and to propose a general frame for medias-
tinal HL patient selection strategy for IMPT based on cardio-
toxicity reduction, patient clinical factors, and IMPT
treatment availability.

Material and methods

Patient treatment and replanning

This retrospective dosimetric study included 30 mediastinal
intermediate-stage patients treated at Institut Curie (Paris,
France) between January 2018 and May 2020, by random
sampling of the institutional database (which approximately
corresponded to half of the mediastinal HL patients treated
on this period). Median age was 30 years and there were 17
female patients (56.7%). No patient had significant baseline
cardiac disease. ECOG performance status ranged between
0 and 2. All patients had intermediate stage disease,
according to the EORTC staging system and all of them had
mediastinal involvement: 22 patients (73.3%) had lower
mediastinal involvement (defined as below the origin of the
left main stem coronary artery) and the eight other patients
(26.7%) had an upper mediastinal disease. Eight patients
(26.7%) had a mediastinal bulky presentation. In addition,
fifteen patients (50.0%) presented with neck involvement
and two patients (6.7%) with axillary involvement. Twenty-
seven patients (90%) received upfront ABVD regimen, while
BEACOPP regimen was delivered to the three other patients
(10%). Patients were immobilized supine; simulation non-
contrast computed tomography (CT) scans were acquired
with spirometer-controlled deep-inspiration breath hold
(DIBH), using 2mm slices, and images were transferred to
the Raystation v.10B treatment planning system for VMAT
planning. Clinical target volumes (CTV) were defined
according to the involved-site radiation therapy (ISRT)
standard. Planned target volumes (PTV) were defined with a
5mm expansion margin around clinical target volumes
(CTV). Patients were treated to the total dose of 30 Gy in 15
fractions according to ESMO guidelines. A minimum of 95%
of the prescribed dose was planned to be delivered to 95%
of the PTV and a maximum of 107% of the prescribed dose

could be delivered to 2% of the PTV. Dose constraints to
organs-at-risk respected ILROG guidelines [15], including
mean heart dose � 5Gy, mean dose to the breasts � 4Gy,
lung V5Gy � 55%, lung V20Gy � 30%, mean lung dose �
10 Gy and thyroid V25Gy � 62.5%. DIBH was controlled
with spirometer.

Intensity modulated proton therapy (IMPT) with quasi-
discrete active scanning was retrospectively re-planned at
the National Center for Oncological Hadrontherapy
(CNAO, Pavia, Italy) on the initial simulation CT scans aim-
ing to achieve a similar CTV coverage. Robust optimiza-
tion with multifield optimization was used for IMPT plan
calculations on CTV; 2mm isotropic setup error and 3%
range uncertainty were applied. Cardiac motion was not
specifically taken into account. Spot spacing was 3mm
with an energy step of 2mm in water. One to four pencil
beam scanning (PBS) fields were planned, depending on
the target localization and on the patient anatomy. For
complex target volumes, targets could be divided for mul-
tifield planning based on the anatomical localization
(upper mediastinum, lower mediastinum, neck, axillary,
etc.); in cases of diffuse mediastinal targets, a combin-
ation of anterior and posterior fields could be notably
used to optimize cardiac and lung sparing. No systematic
class solution was used for beam arrangement, which was
defined on a case-by-case basis. Use of range shifter
depended on the target shape and localization. Proton
plans were made by physicists experienced in proton
therapy planning for HL. This study was reviewed and
approved by the institutional review board of the Institut
Curie (Paris, France) and conducted in accordance with
the STROBE guidelines [16] (Supplementary Material).

Cardiotoxicity modeling

Modeled cardiac adverse events were ischemic heart disease
(IHD), congestive heart failure (CHF) and valvular disease
(VD). Cardiotoxicity models estimating the relative risk of
each of these three radiation-induced cardiac adverse events
(RRRadiotherapy) were selected, calculated based on dosimetric
parameters to cardiac substructures and specifically devel-
oped on the 1965–1995 Netherland HL lymphoma survivor
cohort to ensure model homogeneity [17–19] (Table 1). The
heart, the left ventricle and the aortic, pulmonary, mitral, and
tricuspid valves were delineated according to published con-
touring guidelines to ensure homogeneity and all contours
were independently reviewed [20–22]. Mean doses to the
heart, to the left ventricle and average mean doses to the
cardiac valves were retrieved from dose-volume histograms
and relative risks of specific late radiation-induced cardiac
toxicities were calculated as follow:

RRRadiotherapy IHDð Þ ¼ 1þ 7:4% � DmeanðHeartÞ
RRRadiotherapy CHFð Þ ¼ 1þ 9:0% � DmeanðLeft ventricleÞ

RRRadiotherapy VDð Þ ¼ 1þ 2:5% � DmeanðValvesÞ
The analysis of the 1965–1995 Netherlands HL lymphoma

survivor cohort demonstrated that the relative risk of late car-
diac complications related to patient clinical characteristics
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(RRClinical) was modulated by standard cardiovascular risk fac-
tors (hypertension, hypercholesterolemia, diabetes), family his-
tory of cardiovascular events, obesity, use of anthracycline-
based chemotherapy and splenectomy [17–19] (Table 1).
Consequently, for a same RT plan, the predominantly
increased cardiotoxicity risk between IHD, CHF or VD may
ultimately change based on clinical considerations. Since no
interaction between patient clinical characteristics and radi-
ation-induced toxicity increase was found, the overall relative
risk (RR) of a given patient for a specific cardiotoxicity type
can be calculated as:

RR ¼ RRRadiotherapy � RRClinical

The RR of a given cardiotoxicity type after VMAT
(RRVMATÞ and IMPT (RRIMPTÞ can be calculated and compared,
knowing patient clinical characteristics and radiation dose
delivered to cardiac substructures, and relative risk reduc-
tions (RRR) for IHD, CHF and VD with IMPT (compared to
VMAT) were calculated as:

RRR ¼ RRVMAT�RRIMPT

RRVMAT

Since the amplitude of the clinical benefit of proton ther-
apy at the cardiac level may depend on the a priori predom-
inant cardiotoxicity type, a composite relative risk reduction
(cRRR), combining the relative risk reduction for IHD, CHF
and VD, was calculated, as the weighted mean of the three
related RRR using the corresponding a priori baseline RRVMAT

as the ponderation factor.

In order to evaluate the benefit of IMPT across a wide
range of patient clinical characteristics, for each of the 30
VMAT and corresponding IMPT plans, cRRR were calculated
for the 32 possible combination of the 5 considered clinical
characteristics (cardiovascular risk factor, family history of car-
diovascular events, obesity, anthracycline-based chemother-
apy regimen and splenectomy [17–19]). For each of the 30
plans, the minimum, median and maximum cRRR were
retrieved. The complementary cumulative distribution

function of the median cRRR values for the 30 treatment
plans, considered representative of the general mediastinal
HL population, was generated:

FcRRR xð Þ ¼ PðcRRR > xÞ

Treatment capacity and threshold calculation

The incidence of HL is estimated at 2.7 cases per 100,000
person-year, the proportion of stage I–II HL lymphoma repre-
sents around half of all cases [23,24] and approximately two
thirds of all HL patients had a thoracic involvement [25].
Consequently, the incidence of early-stage mediastinal HL
that should benefit from consolidative RT is around 1 case
per 100,000 person-years. The treatment capacity of proton
therapy center for HL patients may be limited by the already
active file of patients treated for cancers for which proton
therapy is already a standard of care (such as choroid melan-
oma, pediatric tumors or chordomas). Considering that an
already commissioned gantry can treat a additional HL
patients per year, the theoretical proportion of mediastinal
limited-stage HL who could beneficiate from IMPT in a coun-
try of b million inhabitants with c gantries available would
be

p a,b, cð Þ ¼ a � c
10 � b

; p 2 0; 1½ �

The cRRR threshold for selecting mediastinal early-stage
HL for IMPT, allowing all patients above this threshold to

benefit from proton therapy in this country, would be the
value D(a,b,c) defined by

FcRRR Dða, b, cÞð Þ ¼ pða, b, cÞ

The parameters a, b and c might change with demo-
graphic changes and commissioning of new IMPT facilities
and are thus functions of time; these parameters should con-
tinuously be reevaluated, leading to a variable proportion of
treatable HL patients with IMPT at the national level and a

Table 1. Cardiotoxicity models for ischemic heart disease, congestive heart failure and valvular disease.

Reference Cohort Input Formula
Clinical factor at
HL diagnosis

Clinical
factor modulation

Ischemic
Heart Disease

Nimwegen et al. [17] Hodgkin (1965–1995) Whole Heart RR¼ 1þ 0.074 �
mean dose

Diabetes or
Hypercholesterolemia or
Hypertension

RR¼ 1.54

Familial history
(first-degree)

RR¼ 2.87

Congestive
Heart Failure

Nimwegen et al. [19] Hodgkin (1965–1995) Left Ventricle RR¼ 1þ 0.090 �
mean dose

Anthracycline-based
chemotherapy

RR¼ 2.83

Valvular disease Cutter et al. [18] Hodgkin (1965–1995) Valve dose RR¼ 1þ 0.025 �
mean dose

Obesity RR¼ 2.00
Splenectomy RR¼ 2.03

All patients come the same Netherland HL cohort (treated between 1965 and 1995). RR: relative risk.

cRRR ¼ RRVMAT IHDð Þ � RRR IHDð Þ þ RRVMAT CHFð Þ � RRR CHFð Þ þ RRVMAT VDð Þ � RRRðVDÞ
RRVMAT IHDð Þ þ RRVMAT CHFð Þ þ RRVMATðVDÞ

¼ RRVMAT IHDð Þ� RRIMPT IHDð Þ þ RRVMAT CHFð Þ�RRIMPT CHFð Þ þ RRVMAT VDð Þ�RRIMPTðVDÞ
RRVMAT IHDð Þ þ RRVMAT CHFð Þ þ RRVMATðVDÞ
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time-variable cRRR threshold D(t). For the simulation purpose
in this study, the current a value was set at 25 additional HL
patients per year, based on the clinical experience of the sin-
gle-gantry Proton Therapy Center of the Institut Curie [12],
the b values for European countries were extracted from
2021 national census, and the c values for European coun-
tries with IMPT facilities were extrapolated from 2021 PTCOG
data on the number of active gantries [26]. For convenience,
cRRR thresholds were rounded to the nearest half.

Results

Doses to the heart, to the left ventricle and to the valves
were significantly lower with IMPT, compared with VMAT
(Figure 1). Average mean heart dose (MHD) was 2.36Gy
(range 0.13–14.38) with VMAT and 0.99Gy (range 0.01–5.88)
with IMPT (p< 0.01); average mean dose to the left ventricle
was 0.67 Gy (range 0–12.43) with VMAT and 0.03Gy (range
0–6.10) with IMPT (p< 0.01); average mean dose to the aortic
valve was 1.29 Gy (range 0–22.37) with VMAT and 0.06Gy
(range 0–9.88Gy) with IMPT (p< 0.01); average mean dose to
the mitral valve was 0.93Gy (range 0–25.66) with VMAT and
0.02Gy (range 0–13.31Gy) with IMPT (p< 0.01); average
mean dose to the pulmonary valve was 5.68 Gy (range
0.16–24.97) with VMAT and 1.08 Gy (range 0.04–16.09 Gy)
with IMPT (p< 0.01); average mean dose to the tricuspid
valve was 0.67 Gy (range 0–15.94) with VMAT and 0.04Gy
(range 0–1.42Gy) with IMPT (p< 0.01); average global mean
dose to the valves was 2.35 Gy (range 0.04–22.24) with VMAT
and 0.3 Gy (range 0.01–9.75 Gy) with IMPT (p< 0.01).

For a HL patient without cardiovascular risk factor other
than anthracycline-based induction chemotherapy, the indi-
vidual RR of cardiovascular complications were significantly
lower with IMPT compared with VMAT for IHD (median RR:
1.07 [1.00–1.44] with IMPT vs. 1.17 [1.01–2.06] with VMAT,
p< 0.01), for CHF (median RR: 2.84 [2.83–4.38] with IMPT vs.
3.00 [2.83–6.00] with VMAT, p< 0.01), and for VD (median
RR: 1.01 [1.00–1.24] with IMPT vs. 1.06 [1.00–1.56] with
VMAT, p< 0.01). Similarly, the RR reduction of cardiotoxicity
with IMPT compared with VMAT was consistently observed
in in all the possible combinations of considered clinical risk
factors (cardiovascular risk factor, familial history, anthracy-
cline use, increased BMI, splenectomy) (Supplementary Table
1). When considering patients without cardiovascular risk fac-
tor other than anthracycline-based induction chemotherapy,
the median composite relative risk reduction (cRRR) of car-
diac complications was 5.0%, ranging between 0.5% and
29.7%, depending on the extent of radiation fields.
Considering the 32 possible combinations of the five consid-
ered cardiovascular risk factors, median cRRR was 4.8%, rang-
ing between 0.1% and 30.5%, depending on the extent of
radiation fields. The complementary cumulative distribution
function of the median cRRR for each of the 30 treatment
plans, calculated across all possible combinations of risk fac-
tors, is provided in Figure 2.

The estimation of the proportion of HL patients currently
treatable with IMPT in each European country with proton
therapy facilities, and the corresponding cRRR threshold, is

provided in Table 1. To this date, this proportion ranged
between 8.0% for Italy and 100% for Denmark, correspond-
ing to cRRR threshold ranging from 24.0% for Italy to 0.0%
for Denmark (where all mediastinal limited-stage HL patients
could theoretically benefit from proton therapy) (Table 2).

Discussion

In this dosimetric study, we proposed a general frame for
selecting mediastinal HL patients based on cardiotoxicity
modeling, taking into account patient clinical characteristics
and IMPT facility availability. Due to the current IMPT
resource limitation, multiple selection strategies have been
proposed in order to optimally select patients for proton
therapy treatment. Three main types of selection processes
have been developed, all relying on a primary dosimetric
comparison between an optimally-planed photon RT tech-
nique and IMPT [9]. For mediastinal HL patients, ILROG
guidelines should be respected and DIBH-VMAT should be
theoretically preferred for such comparative dosimetric com-
parisons with IMPT [15]. The first selection approach is lim-
ited to a direct dosimetric comparison between VMAT and
IMPT, resulting in IMPT acceptance when the absolute dose
difference to the OARs is above a predefined threshold. Such
patient selection strategy is easy to implement in clinical
practice [12] but does not give any information on the mag-
nitude of the clinical benefit. However, in the future, identifi-
cation of patient populations for whom a dosimetric benefit
for IMPT is constantly observed may potentially suppress the
need for a systematic dosimetric comparison between VMAT
and IMPT; this is for instance the case for disease located
under the 7th vertebra for MHD [13]. The second selection
approach relies on cost-effectiveness analysis; in this case,
IMPT is selected when its additional cost is lower than the
economic gain related to the expected toxicity reduction
between VMAT and IMPT. Based on MHD on VMAT plans,
Vega et al. [27] proposed age- and sex-dependent MHD
thresholds for IMPT selection, which would be at least
required to ensure cost-effectiveness of IMPT. The third
patient selection approach relies on toxicity modeling and is
currently approved in the Netherlands for IMPT reimburse-
ment: the expected risk of late adverse events, calculated
from dosimetric data, is compared between VMAT and IMPT
plans. IMPT would then be selected if the expected toxicity
difference between VMAT and IMPT is above a predefined
threshold [11]. In practice, the main difficulty of such model-
based selection process is to objectively define a threshold
and to decide which toxicities should be taken into account
[9]. Our proposed selection frame is based on cardiac toxicity
modeling, additionally incorporates clinical characteristics to
ponderate toxicity reduction and defines thresholds based
the national treatment capacity, which is an objective data
allowing for time-variable threshold variations depending on
IMPT facility accessibility and demographic changes. Overall,
we estimated that the relative risk reduction of cardiotoxicity
with IMPT compared with VMAT was around 4.5% in our
mediastinal HL population, which was randomly selected in
order to ensure representativeness. This overall benefit is
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limited, suggesting that not all patients may objectively clin-
ically benefit from IMPT; it should however be stressed that
breast cancer proton therapy, which is being gradually
implemented in clinical practice [28–30], is accepted in the
Netherlands for a threshold of 2% for major coronary events
[31] as defined by Darby et al. [32].

We underlined the inequality between European countries
in term of proportion of mediastinal HL patients who could
be treated with IMPT. Without considering international
patient transfer, selection criteria might be strongly depend-
ent on logistical considerations; the problematic of patient
selection does not technically exist in countries without pro-
ton therapy treatment centers and is limited to economic
considerations in those that can theoretically treat all medi-
astinal HL patients with IMPT, which is only the case of
Denmark in Europe to this date. In other countries with pro-
ton therapy facilities, the selection thresholds depend on the
number of gantries, which is rapidly increasing, and on the

population demographic [31]; it is expected that the propor-
tion of HL patients treated with IMPT will increase worldwide
and that selection thresholds might become less stringent.
International cooperation is possible through established net-
works, such as the European Particle Therapy Network [33].
We proposed to identify cRRR selection thresholds for IMPT
based on the proton therapy treatment capacity at the
national level, which we considered to be an objective value;
it should be stressed that this approach can be similarly
extended at the supra-national level, in case of international
collaboration. We found highly variable cRRR selection
thresholds in the different European countries, which was a
reflect of the inequal access to proton therapy treatment
facilities around Europe. Defining different selection thresh-
olds in the different European countries underlines the
inequalities in access to care in oncology [34], pleads for
international cooperation but does not have directly a clin-
ical justification. In practice, for each new mediastinal HL

Figure 1. Mean dose to the heart, to the left ventricle and to the valves with photon radiotherapy (VMAT) and proton therapy (IMPT).
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patient, we suggest that a cRRR score can be calculated,
based on dosimetric parameters to the heart substructures
on optimized VMAT and IMPT plans, and compared with the
nationally-defined cRRR selection thresholds for IMPT selec-
tion. It should be noted that these thresholds do not neces-
sarily correspond to a clinically meaningful risk reduction,
since we calculated that some European countries (such as
Denmark and the Netherlands) have already the capacity to
treat nearly all their mediastinal HL patient population with
IMPT, independently of the amplitude of the cardiac risk
reduction. Since the proton therapy capacity is expected to
increase in the near future, the national cRRR thresholds are

expected to decrease with time and the proportion of HL
patients who could be treated with IMPT will increase.

In line with previous dosimetric studies which demon-
strated that IMPT reduced main cardiac substructure expos-
ure (cardiac chambers and coronary arteries) [7,8], we
additionally evidenced the dosimetric benefit of IMPT at the
cardiac valve level. A dosimetric benefit does not systematic-
ally translates into a clinically relevant outcome but we
found a significatively positive cardiotoxicity relative risk
reduction, in favor of IMPT, due to the linearity between
mean valve doses and radiation-related VD in the included
toxicity model. However, this VD risk reduction was much

Figure 2. Complementary cumulative distribution function of the cumulative relative risk reduction (cRRR) on 30 patients. The minimum, median and maximum
cRRR for all 30 patients, obtained by evaluating all combination of risk factors included in the toxicity models (cardiovascular risk factor, familial history, anthracy-
cline use, increased BMI, splenectomy) are provided in red, yellow and green, respectively.

Table 2. National treatment capacity of European countries with proton therapy facilities.

Countries Gantries Population (M hab.) HL patients treatable with IMPT (%) cRRR threshold

Denmark 3 6 100 0.0%
Switzerland 3 9 80 2.5%
Netherlands 5 18 66.7 4.0%
Czech Republic 3 11 65.5 4.0%
Sweden 2 10 48 5.0%
Belgium 1 11 21.8 14.5%
UK 6 67 21.5 14.5%
Germany 7 83 20.2 17.0%
Poland 2 38 12.6 20.5%
France 3 67 10.7 21.0%
Spain 2 47 10.2 21.0%
Italy 2 59 8.1 24.0%

IMPT: intensity modulated proton therapy; HL: Hodgkin Lymphoma; cRRR: cumulative relative risk reduction of cardiac adverse events.
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more limited than CHD risk reduction. We aggregated in the
combined cRRR scores different cardiac toxicities for which
epidemiologic follow-up was sufficient enough to derive
NTCP models from dosimetric data. As a consequence, only
IHC, CHF and VD were considered in our model, given the
existence of dose-response relationships. While arrythmia
and conduction disorders are frequent radiation-induced car-
diac adverse events after mediastinal irradiation [35], no spe-
cific NTCP models have been developed for these
cardiotoxicity types. Nevertheless, development of NTCP
models for arrhytmias and conduction disorders after medi-
astinal HL radiotherapy could be considered, given the exist-
ence of conduction system delineation guidelines [36,37].
Lung toxicity and secondary cancers represent other radi-
ation-induced complications of mediastinal HL irradiation
and they could be additionally considered in a multi-organ
model-based selection. Such multi-organ selection process
would be more complete but also more complex. A com-
bined multi-organ toxicity score, aggregating intrinsically dif-
ferent adverse events, may require ponderation of the
different possible toxicities that could be challenging to
objectively implement; in addition, what may be crucial for
the treating radiation oncologist may not necessarily be the
most important for a given patient.

It should be noted that the NTCP cardiotoxicity models
that were aggregated in the present study relied on clinical
data from patients treated with 3D radiotherapy at the end
of the XXth century, which is subsequent to the late appar-
ition of cardiac adverse events after radiotherapy. These car-
diotoxicity models, developed during the 3D radiotherapy
era, have not been prospectively validated with other techni-
ques, in particular IMPT, and whether or not they are still
valid for modern radiotherapy techniques has been subject
to debate [38]. It has been however demonstrated that tox-
icity models developed on photon RT techniques for head
and neck cancers might be as well applied for IMPT, with
acceptable performances [39].

The MHD is currently the most widely used cardiac dosi-
metric parameter [40,41]; however the predicted cardiotoxic-
ity benefit took into account cardiac substructure exposure
between IMPT and VMAT. Clinical studies in lung cancers
have suggested that doses to specific cardiac substructures
correlated with specific cardiac toxicity [42,43]. While this
might also be the case for HL, this is yet to be demonstrated
and substructure dose constraint propositions are still limited
[44]. However, larger cardiotoxicity study might help precis-
ing substructure dose constraints. While manual delineation
is time consuming, development of artificial intelligence tool
will ease this work in the near future [37,45].

The issue of radiation-induced cardiotoxicity in HL man-
agement is also evolving with time, with an increasing reduc-
tion for radiotherapy place. While current ISRT or INRT
paradigms consist in treating all initially involved sites,
reduced radiation fields to residual sites were tested in the
HD15 study of the German Hodgkin Study Group [46].
Similarly, the Memorial Sloan Kettering Cancer Center sug-
gested that treating HL patients with reduced fields (RFRT)
directed to the areas of remaining masses that were PET-

positive following chemotherapy might be sufficient, and
this approach was evaluated in newly diagnosed HL patients
with bulky disease after four cycles of brentuximab vedotin,
doxorubicin, vinblastine, and dacarbazine [47]. For interim
and end-of-treatment PET-negative patients, 2-year PFS after
30Gy ISRT, 20Gy ISRT, 20Gy RFRT or no further RT were
similar (93%, 97%, 90% and 97%, respectively). In addition,
the recent results of the HD17 trial [48,p.17] suggested that
PET negativity may identify a population of newly diagnosed
HL patients who may not require consolidation RT.

In conclusion, while a statistically significant clinical benefit is
theoretically expected for ischemic heart disease, cardiac heart
failure and valvular disease for mediastinal HL patients with
IMPT, the overall cardiotoxicity risk reduction is notable only in
a minority of patients. In the context of limited IMPT availability,
this study proposed a general model-based selection approach
for mediastinal HL patient based on calculated cardiotoxicity
reduction, taking into consideration patient clinical characteris-
tics and IMPT facility availability.
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