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Abstract

Aims: Proton therapy is a radiation technique that yields less dose in normal tissues than photon therapy. In the Netherlands, proton therapy is reimbursed if the
reduced dose to normal tissues is predicted to translate into a prespecified reduction in toxicity, based on nationally approved validated models. The aim of this
paper is to present the development of a national indication protocol for proton therapy (NIPP) for model-based selection of breast cancer patients and to report
on first clinical experiences.

Materials and methods: A national proton therapy working group for breast cancer (PWG-BC) screened the literature for prognostic models able to estimate the
individual risk of specific radiation-induced side-effects. After critical appraisal and selection of suitable models, a NIPP for breast cancer was written and subjected
to comments by all stakeholders. The approved NIPP was subsequently introduced to select breast cancer patients who would benefit most from proton therapy.
Results: The model of Darby et al. (N Engl ] Med 2013; 368:987—82) was the only model fulfilling the criteria prespecified by the PWG-BC. The model estimates
the relative risk of an acute coronary event (ACE) based on the mean heart dose. The absolute lifetime risk of ACE <80 years was calculated by applying this
model to the Dutch absolute incidence of ACE for female and male patients, between 40 and 70 years at breast cancer radiotherapy, with/without cardiovascular
risk factors. The NIPP was approved for reimbursement in January 2019. Based on a threshold value of a 2% absolute lower risk on ACE for proton therapy
compared with photons, 268 breast cancer patients have been treated in the Netherlands with proton therapy between February 2019 and January 2021.
Conclusion: The NIPP includes a model that allows the estimation of the absolute risk on ACE <80 years based on mean heart dose. In the first 2 years, 268 breast
cancer patients have been treated with proton therapy in The Netherlands.

© 2021 The Authors. Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Introduction

Proton therapy is a radiation technology that yields less
dose to normal tissues without jeopardising the target dose
compared with photon therapy. Despite the lower dose to
the normal tissues, randomised clinical trials (RCT) showing
the actual clinical benefit of proton therapy compared with
photon therapy are scarce, whereas the costs of proton
therapy are around two times higher than with photons [1].
In the Netherlands, few standard indications have been
defined for which proton therapy is always reimbursed, i.e.
paediatric tumours, eye tumours and chondromas/chon-
drosarcomas. For other indications, it has been postulated
that proton therapy can be cost-effective, if the superior
dose distribution indeed translates into a clinically relevant
decrease in the risk of radiation-induced side-effects [2].
Consequently, for most adult patients, proton therapy is
only reimbursed by the health insurance for selected pa-
tients. For each individual patient, the risk of a specific side-
effect (i.e. the normal tissue complication probability;
NTCP) has to be estimated for both the proton therapy plan
and the photon plan, and proton therapy is reimbursed only
if the difference (i.e. ANTCP) exceeds a predefined threshold
[3]. The estimation of the NTCP has to be made based on
nationally approved NTCP models, i.e. prediction models
describing the relationship between dose distributions and
the risk of a certain toxicity. The threshold of the required
ANTCP decreases with an increase in severity of toxicity: for
grade 2 toxicity (Common Terminology Criteria for Adverse
Events; CTCAE) the ANTCP should be >10%, for grade 3
toxicity >5% and for grade 4 or 5 >2%. In the case of multiple
grade 2 side-effects, the sum of the ANTCP should be >15%,
with at least >5% per side-effect; for multiple grade 3 side-
effects the sum of ANTCP has to be >7.5%, with at least 2.5%
per side-effect [4]. To allow validation of the added value of
proton therapy using model-based clinical evaluation as an
alternative for RCTs and for the validation of the NTCP
models when used among patients treated with proton
therapy, side-effects have to be prospectively scored in the
proton therapy centres [4]. Currently, three centres provide
proton therapy in The Netherlands: UMC Groningen Proton
Therapy Centre, Holland Proton Therapy Centre in Delft and
Maastro Proton Therapy in Maastricht.

When irradiating patients for breast cancer, the most
important organs at risk to spare are the heart, lungs and
contralateral breast. With current modern photon radiation
techniques, the dose to these organs at risk is low in most
breast cancer patients [5—7], such that the risk of radiation-
induced side-effects is relatively low [7,8]. Treatment
planning comparative studies showed that proton therapy
plans usually yield a lower dose to the heart, lungs and
contralateral breast [6,9—11]. In a specific subset of patients,
i.e. in patients with an adverse anatomy (e.g. like a pectus
excavatum), patients not being able to hold their breath or
patients to be irradiated to the (left-sided) internal mam-
mary chain [12—15], it is sometimes difficult to adequately
spare simultaneously heart, lungs and contralateral breast
even with the most advanced photon techniques. In these

patients, proton therapy may offer the opportunity to yield
lower doses to multiple organs at risk, which are expected
to translate into a clinical benefit.

However, RCTs showing clinical benefit of proton therapy
over photon therapy in breast cancer patients, are not (yet)
available. One of the reasons for this lack of evidence is the
assumed long latency time of the most relevant end points
(>10 years), such as acute coronary event (ACE) and sec-
ondary tumour induction. Several smaller cohort studies
with proton therapy, mainly single institute studies, indi-
cate good local control, with low normal tissue toxicity [16].
Several initiatives have been taken to set-up RCTs to provide
evidence for the additional value of proton therapy. The
RadComp trial [17] includes all breast cancer patients
treated to the nodal regions, including the internal mam-
mary chain, with curative intent (NCT02603341), without
selecting on heart dose or estimated toxicity. The Danish
Breast Cancer Group (DBCG) started the DBCG Proton Trial,
an RCT (NCT04291378) including patients with a mean
heart dose (MHD) > 4 Gy in their photon plan and/or a V20
of the lung of >37% [18]. In the UK, a protocol for an RCT is
currently under development.

In the Netherlands, a model-based approach is used in
which selection of patients for proton therapy is based on a
predicted clinically relevant predefined benefit in side-
effects, according to a national indication protocol for pro-
ton therapy (NIPP). The aim of the current paper is to present
the development of the NIPP for breast cancer patients, and to
report on the first experiences with model-based selection.

Materials and Methods
Procedure of Model Selection

In 2016, a national proton therapy working group for
breast cancer (PWG-BC) was established to develop a NIPP for
breast cancer patients. All members of the Dutch Platform for
Radiation Therapy of Breast Cancer and of the Dutch Platform
for Proton Therapy were invited to participate in the PWG-BC,
to ascertain broad national input and support. The PWG-BC
consisted of 10 radiation oncologists and three medical
physicists; eight of the 13 members worked in a radiotherapy
centre with a proton facility. In addition, an independent
clinical epidemiologist (ES) (University Medical Centre
Utrecht) was part of the PWG-BC, for methodological sup-
port. The PWG-BC applied the following steps:

(1) Assessment of the most relevant side-effects for pa-
tients who were expected to benefit from proton
therapy (January to July 2017);

(2) Review of the literature on these side-effects, to
identify whether NTCP models were available to
predict the risk for the relevant side-effect, based on
at least one dose-volume parameter. The quality of
the models was assessed using the TRIPOD (trans-
parent reporting of a multivariable prediction model
for individual prognosis or diagnosis) criteria [17]
(July 2017 to May 2018);
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(3) One model was selected and adjusted to make it
more applicable to the Dutch breast cancer popula-
tion (May to September 2018);

(4) The indications for plan comparison and model-
based selection were included in a NIPP, approved
by the PWG-BC (January to October 2018);

(5) An invitational conference was organised, where all
members of the Dutch Society of Radiation Oncology
involved in breast cancer treatment were invited, as
well as patient advocates, representatives of the na-
tional multidisciplinary breast cancer organ (NABON)
and representative of health insurance companies.
After final corrections were made in the NIPP, it was
officially approved by the Dutch Society of Radiation
Oncology (October 2018);

(6) The final NIPP was sent to the Dutch Health Care
Institute for approval to ensure reimbursement (sent
October 2018, approval January 2019).

First Clinical Experiences

The approved NIPP was used to select breast cancer pa-
tients for proton therapy, from January 2019 onwards. Ra-
diation oncologists from all radiotherapy departments in
the Netherlands can refer their patients for plan comparison
(i.e. comparing the NTCP of the original photon plan with
the NTCP of the corresponding proton plan), and for proton
therapy if the ANTCP exceeds the threshold, to one of the
three proton therapy centres. Requirements for target
coverage of the proton and photon plans are identical: for
photon plans >98% of the planning target volume has to
receive >95% of the prescribed dose; the proton therapy
plans are made using intensity-modulated proton therapy,
and are robustly optimised and evaluated with corre-
sponding requirements for target coverage of the clinical
target volume in the voxelwise minimum dose distribution
[19]. The proton therapy centres started treating breast
cancer patients between February 2019 and May 2019.

Results
Assessment of the Most Relevant End Points

The PWG-BC considered cardiac injury, such as ACE,
heart failure and valve disorders, radiation pneumonitis and
induction of secondary tumours (mainly lung and contra-
lateral breast cancer) as the most relevant end points, from
which they could potentially expect a benefit of proton
therapy over photon therapy.

Review of the Literature, Selection of a Model

Although a review of the literature showed that these
end points are all related to the radiation dose [20—24],
useful NTCP models for these end points fulfilling the
TRIPOD criteria [25] could not be identified. As ACE were
considered the most important, the PWG-BC further ana-
lysed the paper of Darby et al. [23], who found a relationship

between MHD and the risk of developing an ACE <80 years
in a case control study, where ACE were defined as a diag-
nosis of myocardial infarction (International Classification
of Diseases, 10th Revision [ICD-10] codes 121—124), coronary
revascularisation or death from ischaemic heart disease
(ICD-10 codes 120-1). Darby et al. [23] reported that the
relative risk of ACE was increased by 7.4% per Gy MHD. As an
example, Darby et al. [23] translated the relative estimates
on ACE into absolute estimates, based on the incidence of
ACE in general populations found in literature [26], and
using a multiplication factor to estimate the absolute risk
for patients with and without cardiovascular risk factors
separately. The PWG-BC concluded that the Darby model
was a good starting point for estimating the absolute risk of
ACE based upon the MHD and pre-existing cardiovascular
risk factors as defined by the same publication.

The PWG-BC subsequently considered external valida-
tion of this model in an independent dataset. Assessment of
external validity of an existing model is important before
applying such a model to new patients, especially when the
original model is prone to over-fitting due to a combination
of having limited data and multiple predictors [27—30].
Although the analysis of two Dutch datasets reported re-
sults in line with the Darby model [24,31], a proper dataset
of breast cancer patients with data on their risk of ACE <80
years of age after breast cancer radiotherapy was lacking.
Consequently, a formal external validation could not be
carried out. Nevertheless, the PWG-BC group decided to use
the original Darby model for model-based selection to
determine the absolute risk of ACE after radiotherapy,
before 80 years, based upon the following arguments:

e The quality of the study by Darby et al. [23] is high, as
it is a large international population-based study
with relevant long-term follow-up, and only one
predictor (MHD). As the study population was
already composed of breast cancer patients from
different datasets from several countries, external
validation was deemed less essential.

e The Darby model is generally accepted and currently
being used worldwide in daily practice.

e The Darby model makes it possible to assess the ACE
risk <80 years for individual patients.

e Research in the Dutch population [24] found a similar
association between MHD and ACE in the first 9 years
after treatment as Darby et al. [23].

e Research on irradiated Hodgkin patients found a
similar association between MHD and ACE [31].

Further Development of the Model for the Dutch Population

A well-maintained registry of ACE is available in the
Netherlands, including absolute risk per age category of 5
years, separately for men and women. The relative risk
found by Darby et al. [23] was applied to the absolute risk of
ACE in the general Dutch population based on this registry.
In addition, we used mortality data of the Central Office of
Statistics (CBS) to correct for deaths due to other causes, for
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men and women separately, to estimate the risk of ACE <80
years of age, for breast cancer radiotherapy at each life-year
between 40 and 70 years (i.e. the age range in the Darby
et al. publication). Subsequently, we applied the same
multiplication factor to take into account the presence or
absence of cardiovascular risk factors as used by Darby et al.
[23]: previous ischemic cardiovascular disease (ICD-10 code

Table 1

Cumulative risk of acute coronary events (ACE) for women (A, B) and men (C, D), without (A, C) and with (B, D) risk factors for ACE <80 years
of age, per age (years) and per Gy mean heart dose (MHD). The last column indicates for which minimum MHD a planning comparison might
be useful; this threshold dose is based upon the assumption that the MHD of the proton plan will be 0.0 Gy, which is rarely the case. This
threshold dose indicates by how much the MHD with protons must decrease in order for the patient to be eligible for proton therapy. To
illustrate how to use the tables we here present an example: for a 45-year-old woman without cardiovascular risk factors, the life time risk of
an ACE is 6.9% in the case of an MHD of 0 Gy (A). If her photon plan has an MHD of 6 Gy, her risk of an ACE is increased to 9.9%. As the 6 Gy is
above the threshold value of 3.92 Gy, a plan comparison can be carried out. If the proton plan results in an MHD of 1 Gy, her risk of an ACE is
7.4%. The proton plan then thus results in a reduction in the risk of an ACE from 9.9% to 7.4%, which is 2.5%. As this difference is >2%, we
consider this a positive plan comparison, and her proton treatment will be reimbursed (Note: the row for patients aged 40 years should be
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[20-25); any previous ‘circulatory disease’ other than
ischemic cardiovascular disease (ICD-10 code 100—I19 and
ICD-10 code 126—199); diabetes; chronic obstructive pul-
monary disease; active smoker; body mass index >30 kg/
m?; chronic pain medication (opiates and/or non-steroidal
anti-inflammatory drugs). In this way, we were able to
calculate the absolute risk of ACE <80 years, without

used for patients <40 years of age; the row for patients aged 70 years should be used for patients >70 years of age).
Table 1A. Cumulative risk of acute coronary events (ACE) for WOMEN WITHOUT risk factors for ACE < 80 years of age.

Mean Heart Dose [Gy] Threshold
Age in Age in MHD [Gy]
Years years for a plan
comparison
DGy |[1Gy |2Gy (3Gy |46y |5 Gy (6Gy |7Gy (8 Gy (9Gy |10 Gy
40 B.9% | 742 | 792 | 852 | 9.02 | 9.5% [ 10,02 [ 10522 [ 11.022 [ 11.5%¢ | 12,022 40 3.90
41 B.9% | 742 | 792 | B4 | 9.0% | 9.5% [ 10,02 [ 1052 [ 11.0%2 [ 11.5%¢ | 12,022 41 3.91
42 B.9% | 742 | 792 | 842 | 9.0% | 9.5% [ 10,02 [ 10522 [ 11.0%2 [ 11.5%¢ | 12,022 42 3.91
43 B.9% | 742 | 792 | 842 | 8.9% | 9.5% [ 10,02 [ 1052 [ 11.0%¢ | 11.5%¢ | 12,022 43 3.92
44 B.9% | Fdoc | 792 | 842 | B.9% | 9.4 [ 10,02 [ 1052¢ [ 11.0%¢ [ 11.53¢ | 12.02 44 3,92
45 B.9% | 742 | 792 | 842 | B.9% | 9.4% | 9,95 10522 [ 11.0%2 [ 11.5%¢ | 12,022 45 3.92
46 B8 | 7.3% | 782 | B.3% | 8.8 | 9.3%¢ | 9.8%¢ [ 1035 [ 10,82 [ 11.3%¢ [ 11.8% 46 3.97
47 B.70 | 722 | 7.7 | B.22 | B2 | 9.2%¢ | 8,72 [ 10,252 [ 10,732 [ 11.222 [ 1.7 47 402
48 B.E> | 712 | 762 | 817 | 862 | 917 | 9,622 | 10122 [ 10622 [ 11132 [ T1.622 48 407
49 BB | 702 [ 752 [ 803 | 853 | 9.05 | 955 [ 10,03 [ 10,45 | 10,93 | 1.4 49 412
50 B4 | B9 | 742 | 782 | B.3% | 8.8% | 9.3% | 973 [ 10,232 [ 10722 [ 11.2% 50 421
51 B.3% | BB | 7.3 | A7 | B.2% | B2 | 9.5 | 962 [ 10122 [ 10622 [ 11.022 51 427
h2 B.3% | 672 | 722 | 7B | 8% | 862 [ 9.0% [ 9.5% [ 10,022 [ 10,422 | 10,922 52 432
53 6202 | BB | 712 | 752 | 8.0 | 853 | 8.9% | 942 | 9822 | 10,32 | 10,722 53 4,38
h4 B2 | B2 | 702 | 742 | 795 [ 845 [ 8.8% [ 9.3% [ 9.7% [ 10,222 | 10,622 54 443
55 6.0 | 652 | 692 | 7420 | 782 | B.22 [ 872 [ 8.5 [ 9.6%¢ [ 10,022 | 10,522 55 449
56 59% | 6.3 | .72 | 7220 | 762 | 815 [ 852 [ 8.9% [ 945 [ 9.8% [ 10,22 56 4 60
b7 5.7% | B.2% | BB | 702 | 742 | 792 [ B.3% [ 8.7% [ 9.0 [ 962 [ 10,02 57 471
h8 567 | 6.0 | 642 | 692 | 732 | 772 [ B2 [ 8.5% [ 895 [ 9.3% | 9.8% 58 482
59 5% | 59% | B3 | B.7e | 702 | 7o | 79 [ 83 [ 872 | 912 | 952 59 4,94
1] 453 | 482 | 5% | BA2 | BB | B3 | B.AX [ 6.8% | 7.0 | 7hX | 78X 60 6.03
61 4.4% | 472 | B0 | 532 | 5.7 | 6.0 | 6.3% [ 66X | 7.0 | 7.3% | 7BX 61 6.19
b2 43 | 482 | 492 | 522 | A | BAX | B [ 65X | 68X | 7.0 | 74X 62 6.35
63 4132 | 4420 | 482 | 5% | 54 [ 5.7 [ B.0% [ 6.3% | 66X | 693 | 7.2 63 6,52
64 407 | 43% | 4620 | 4920 | 522 | 582 [ 582 [ B2 | 645 | 675 | 7.0% 64 6.70
65 39 | 4220 [ 4522 | 483 | B | BAaX | 57 | B0 [ 623 | 6.5% | B.8% 65 6.89
b6 37 | 403 | 432 | 452 | 482 | 5. | 54X [ 5EX | 5.9% | 6.2 | 6.5 66 7.28
67 357 | 38 | 402 | 432 | 452 | 482 | 5% [ 53% [ 562 | 5.8% | 6,12 67 .70
68 3.3% | 362 | 382 | 402 | 432 | 45% | 485 [ 5.0% | 5.3% | 554 | 5.8% 68 8.17
69 A2 | 33% | 382 [ 382 | 4022 | 4.3% | 452 | 4.7 | 492 | 522 | 54X 69 8.71
=70 1902 | 202 | 2250 | 232 | 242 [ 262 [ 2704 | 292 [ 3.0%¢ [ 3.2 | 3.3 70 14,37

NOTE 1: The row for women aged 40 years should be used for women < 40 years of age.

NOTE 2: The row for women aged 70 years should be used for women > 70 years of age.
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Table 1B Cumulative risk of acute coronary events (ACE) for WOMEN WITH risk factors for ACE < 80 years of age.

NOTE 1: The row for women aged 40 years should be used for women < 40 years of age.

NOTE 2: The row for women aged 70 years should be used for women > 70 years of age.

Mean Heart Dose [Gy] Threshold MHD
Age in years Age in years| [Gy] for a plan
comparison
DGy (1Gy |26y (3Gy |4Gy |bGy |6Gy |7 Gy |8 Gy |9 Gy (10 Gy
40 TL622 | 12554 | 13,454 | 14,222 | 16.1% [ 16,95 | 16,87 | 17,754 | 18.5%¢ | 19.42¢ [ 20,25 40 2.32
41 1622 | 12554 | 13.3% | 14,22 | 16,12 [ 16,92 | 16,87 | 17.6%¢ | 18.5%¢ | 19.42¢ [ 20,27 11 2.33
42 1622 | 12554 | 13.3% | 14,222 | 16,022 | 16,97 | 16,877 | 17654 | 18,522 | 19,322 [ 20,27 42 2.33
43 TLE22 | 12554 | 13.3% | 14,222 | 16,022 | 16,92 | 16,774 | 1765 | 18,522 | 19,322 | 20,27 43 2.33
44 TL622 | 12452 | 13,35 | 14,222 | 16,022 [ 16,922 | 16,77 | 17652 | 18.4% | 19,322 [ 20,252 44 2.33
45 1622 | 1247 | 13.3%2 | 1415 | 16,022 [ 15,922 | 16,772 | 17.67¢ | 18,422 | 19.3%2 | 20,122 45 2.33
46 1422 | 1237 | 13,172 | 14,022 | 14.822 | 15,722 | 16522 | 17.42¢ | 18.2%2 | 19.1%2 | 19.9%2 46 2.36
47 1,322 | 12,122 | 13,052 | 13.8%2 | 4622 [ 15,522 | 16,377 | 17,25 | 18,022 | 18.822 [ 19,722 47 2.39
48 222 | 12,052 ) 12,85 | 13,622 | 14.52C [ 16,322 | 16,122 | 16.9% | 17,822 | 18,622 [ 19,42 48 2.42
49 1022 | 1852 | 12,754 | 13.5%¢ | 14,322 [ 16,122 | 16,95 | 16.75¢ | 17.6%¢ | 18.42¢ [ 19.2%¢ 43 2.45
50 1422 | 12,252 | 13,052 | 13.9%2 | 4,822 [ 15,672 | 16,524 | 17.3% | 18.2%2 | 19.0%2 [ 19.822 50 2.37
51 1,322 | 12122 | 12,952 | 13.8%2 | M.622 [ 16,422 | 16,37 | 17122 | 17,922 | 18.822 [ 19.672 51 2.40
52 M7 | 1,922 | 12,852 | 13,65 | 14,42 | 15,222 [ 16122 | 16,927 | 17,752 | 18,552 | 19,422 h2 2.43
53 022 | 1822 | 12652 | 13,450 | 14,222 [ 16,022 [ 16,924 | 16,722 | 17.5%2 | 18.3%2 | 19.1% 53 2.46
54 10,85 | 6% | 12,422 [ 13,252 | 14,032 | 14.8%¢ | 15,622 | 16.5%¢ | 17.3% | 18,122 | 18.9%¢ 54 2.49
55 10722 | 152 | 12,322 | 13,122 | 13,922 | 14.72¢ | 15.42¢ | 16.22¢ | 17,02 | 17,87 | 18.6%¢ 55 2.53
56 10,52 | M.27¢ | 12,022 [ 12,822 | 13,522 | 14,372 | 15,12 | 15,922 | 16,62 | 17,472 | 18.22¢ 56 2.59
a7 10,252 | 105 | 175 [ 12522 | 13,254 | 14,05 | 14,75 | 16,52 | 16.3% | 17,03 | 17.8% a7 2.65
58 10,05 | 10,722 | 142 [ 12,252 | 12954 | 13,752 | 14,42 | 16.1% | 16.9%¢ | 16,67 | 17.3%% 58 2.1
59 9.7% [ 1045 | .25 | .95 | 12,622 | 13,322 [ 14,02 | 14,877 | 15,524 | 16.2% | 16.9%2 h9 2.78
60 8,77 | 9,322 10,05 | 10,65 | 1,35 | 1,922 [ 12622 | 13,257 | 13,82 | 14.5% | 16.1% 1] 31
61 8,570 | 915 | 972 | 10,45 | .03 | 1622 [ 12,25 | 12,927 | 13,52 | 14,124 | 14.82¢ 61 3.19
62 8.3% | 8.9% | 952 | 0.3 | 10,722 | 10,35 [ 11,922 [ 12554 | 13,052 | 13.8% | 14,42 b2 3.27
63 8.0% | 862 | 9.2 | 9857 | 10,422 | 1.0%¢ [ 11,622 [ 12,257 | 12,874 | 13.4% | 14,02 63 3.36
64 782 | 842 | 902 | 962 | 10054 | 10,722 [ 11,322 | 1192 | 12554 | 13.0% | 13,622 64 3.45
65 767 | B222 | 8722 | 932 | 997 | 10,422 | 11,022 | 1,622 | 12,122 | 12.7%¢ | 13.2% b5 3.55
b6 F202 | 774 | 8.3% [ 882 | 8.3% | 9922 [ 10.4% ) 10,922 | M52 [ 12.0%% | 1252 b6 3.75
b7 B.8% | 7.3% | 7822 | 833 | 8854 | 9.3% [ 9.8% [ 10,35 ) 10,82 | 145 | 1.9% b7 3.97
68 647 | 692 | 7422 | 7822 | 832 | 882 [ 9.3% | 9.72¢ | 10,227 | 10,722 | 11.2% 68 421
69 6,07 | 6522 | 6922 | 7422 | 7822 | 832 | 8.7% | 91% | 962 | 10.0% | 10,522 69 4.48
=70 B.0% | 642 | 692 | 7352 | 7702 | 825 [ B6% | 91% | 955 110,05 | 10,42 70 4 52

radiotherapy, i.e. with an MHD of O Gy, for all ages between
40 and 70 years at the time of radiotherapy, for four cate-
gories of patients: female patients with and without car-
diovascular risk factors, and male patients, although not
included in the population from which the model was
developed, with and without cardiovascular risk factors.
Finally, we calculated the risk of ACE for each category and
age, by applying the relative 7.4% increase in the risk of ACE
for MHDs varying from 0—10 Gy. This resulted in four
comparable tables (see Table 1).

Implications for Plan Comparison and Model-based Selection

The PWG-BC classified ACE according to the CTCAE
criteria as the ANTCP required for reimbursement is
dependent on the CTCAE grade of the complication. ACE
varied between grade 3 CTCAE (e.g. relatively small

myocardial infarction) to grade 5 CTCAE (myocardial
infarction leading to death). By consensus from the Dutch
Platform for Radiation Therapy of Breast Cancer, the PWG-
BC decided to consider ACE as a grade 4 toxicity, such that
the ANTCP between a proton plan and a photon plan had to
be >2% to be eligible for proton therapy.

To further improve practical implementation, we used
the formula to calculate the risk of ACE in an Excel
spreadsheet, which allowed calculation of the risk on ACE,
based on age (between 40 and 70 years), gender, presence
or absence of a cardiac risk factor and a continuous range
of MHD with a maximum of 10 Gy. Patients younger than
40 years were assigned to an age of 40 and patients older
than 70 years were assigned to 70 years. This spreadsheet
was used to calculate the difference in risk of ACE for the
MHD of a proton plan and the corresponding photon plan
(Figure 1).
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Table 1C. Cumulative risk of acute coronary events (ACE) for MEN WITHOUT risk factors for ACE < 80 years of age.

Mean Heart Dose [Gv)
. el Threshold MHD
Age in years e [Gy] for a plan
0Gy |16y |2Gy | 3Gy |46y | 5Gy | 6 Gy | 7 Gy | 8 Gy | 9 Gy |10 Gy Sl
40 15,72 | 16,954 18,054 | 1925 | 20422 | 21522 | 22724 | 23954 | 2505 | 2625 | 27 42| 40 172
41 18,722 | 18,952 | 18,022 | 19,252 | 20324 | 21650 | 22724 | 23,850 | 28024 | 26.2%0 | 27 3% 41 172
42 15,722 | 18.8% | 18,022 | 19,25 | 20322 | 2157 | 22622 | 23,82 | 28022 | 26,15 | 27 3% 42 1.72
43 18,72 | 16,85 | 18,024 | 19074 | 20324 | 21577 | 22674 | 23,870 24924 | 2615 | 27 3% 43 1.73
44 15624 | 16,85 | 18,022 | 19,002 | 20324 | 2145 | 22624 | 23,820 | 24924 | 2654 | 27,224 44 1.73
45 15,62 | 16854 | 17.954 | 19034 | 2032 | 21422 | 22624 | 23,754 | 24924 | 260% | 27.2%| 45 1.73
46 15422 | B.5% | 17,720 | 1882 | 19822 | 21002 | 22,202 | 23,37 | 24522 | 25,672 | 2682 46 1.76
47 15120 | 16,252 | 17420 | 18,552 | 19622 | 20,752 | 21822 | 23,050 | 24,122 | 25.2%0| 26.3%% 47 1.79
48 14922 | 16,00 | 17122 | 18,202 | 19,372 | 20,472 | 21522 | 22672 23,722 | 24,872 | 25922 48 1.82
49 462 | 10754 | 16,854 | 17,95 | 1902 | 200024 | 2112 | 22234 | 2335 | 2443 | 2652 | 49 1.85
50 14,222 | 18,35 | 16,322 | 17424 | 18522 | 19554 | 20624 | 21,624 | 22724 | 23,770 | 2482 50 1,90
L] 14022 | 1805 | 1612 | 1702 | 1815 | 19,25 | 20,204 | 21,25 | 22324 | 23,32 | 24 424 L1 1.93
h2 13,824 | 14854 | 16,822 | 16874 | 17,824 | 18,874 | 19,922 | 20,927 | 21,924 | 22,977 23.9%% 52 1.97
53 1352 | 1554 | 1855 | 1855 | 1752 | 1852 [ 1952 | 2065 2152 | 2262 | 2352 | 53 2.00
04 13322 | W.250 | 18,220 | 16,252 | 17,254 | 18,252 | 19,254 | 2052 | 21122 | 22150 23,124 h4 2.04
55 13,022 | 14,002 | 15,022 | 16,92 | 16,822 | 17,822 | 18,822 | 19,82 | 20,722 | 21,724 | 22,72 hh 2.08
56 12622 | 1355 | M52 | 15,424 | 16,322 | 17,372 | 18,254 | 19054 | 20,122 | 21.0%4 | 2192 b6 2,15
T4 12,22 | 13072 | 4022|1492 | 15822 | 16,724 | 17622 | 1852 | 19422 | 20,322 | 21,222 LT 2,22
58 W72 | 1265 | 1352 | 1442 | 16,22 | 6.0 | 17,022 | 1785 | 18,72 | 19,65 | 20422 58 2.30
59 132 | 12204 1302 ] 13.82 | 4,72¢| 1552 | 16,322 | 17,222 | 18,022 | 18,924 | 19,722 59 2.39
(1} 9,22% 982 | 053 N2 | 192 [ 1255 13,220 13920 | 1465 | 16,33 | 16,924 1) 2.95
b1 8,82 98 | 0052 | 10,820 | NAaX | 1215 | 12,722 | 13420 | 1403 | 14,75 | 18,32 b1 3.07
62 8.5 | 91 | 973 [ 0.3 105 | 1B | 1225 | 1283 | 1352 | 113 | 4.7 62 3.20
b3 8,17 8752 | 9320 992 | 0EX | T2 | N7 | 1232 [ 12952 | 13522 | 141 63 3.33
b4 7.8 B8.3% | 8922 | 98X | 1015 [ 1065 | 1M.222 | 183 | 1242 | 1295 | 13,54 64 3.48
65 FAZ | B0 | BEX | 9% | 983 | 10,25 | 1075 | M35 | 185 [ 12,42 | 12,93 65 3.64
66 FO3 | PR | B0 | 85X | 903 | 955 [ 101 [ 063 | 1% | 162 | 12.1% 66 3.88
b7 B52¢ FOM | 702 | 79 | 84X | 892 | 942 | 995 [ 10,43 | 10.82¢ | 1,33 67 4,16
b8 B0 BR¥ | B9 | 7AX | 7B¥ | 8.3 | 8.7 | 92% | 96 | 1013 | 10,52 68 4 47
69 563 | B0 | B4 | BB | T3 | T | B [ 85 | 89% | 93 | 7% 69 483
=70 335 | 363 [ 383 | 413 | 433 | 483 | 482 | 51 | 5.3 | BEX | 58 70 8,09

NOTE 1: The row for men aged 40 years should be used for men < 40 years of age.

NOTE 2: The row for men aged 70 years should be used for men > 70 years of age.

Approval of the National Indication Protocol for Proton
Therapy

A NIPP was drafted, containing all relevant information
and also referring to the ProTRAIT dataset, i.e. a dataset
including variables to be prospectively registered, to allow
prospective model validation. The NIPP was sent to all
stakeholders, who were invited to an invitational confer-
ence where comments were collected and discussed. This
led to minor adjustments, such as (1) clarification of the
cardiovascular risk factors, (2) inclusion of radiation
pneumonitis as a relevant outcome by referring to the
prediction model to be included in the NIPP for lung can-
cer, which at that moment was still under development,
and (3) inclusion of patients referred for re-irradiation for
breast cancer. The final NIPP was approved for reim-
bursement from January 2019. An amendment was made
and approved in July 2020, that also allowed inclusion of

patients with oligometastatic disease treated with curative
intent, and where the following factors were added as
cardiovascular risk factors: previous mediastinal or inter-
nal mammary chain irradiation; left-sided breast radiation,
e.g. without breath-hold or pectus excavatum, or other
radiation with a substantial dose to the heart (see
supplementary material for full NIPP).

First Clinical Experiences

From January 2019 to January 2021, a plan comparison
was made for 311 breast cancer patients in whom the MHD
with a photon treatment plan exceeded the threshold (i.e.
ACE risk >2%) for plan comparison, resulting in 268 (86%)
patients treated with proton therapy in the Netherlands.
Reasons for not administering proton therapy were a
negative plan comparison or patient’s wish not to be
referred. One hundred and eighty-four patients (69%) were
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Table 1D. Cumulative risk of acute coronary events (ACE) for MEN WITH risk factors for ACE < 80 years of age.

Mean Heart Dose [Gy]
o Ao Threshold MHD
ge in ge in
[Gy] For a plan
years years comparison
DGy (1Gy |[2Gy (3 Gy | 4Gy [5Gy |6Gy | FGy |8 Gy | 9Gy (10 Gy
40 26,45 | 284 | 30,3 | 32,3 | 34,25 | 36,20 | 38,25 | 40,1 | 42,14 | 44,05 | 46,00 40 1,02
41 26,45 | 28,37 | 303 [ 32,23 | 3423 [ 36.2% | 36,1 [ 40,14 | 42,00 | 44,0 | 45,9 41 1.02
42 26,40 | 28,3 | 30,3 | 32,20 | 3d.2¥ | 36,1 | 3804 | 40.0% | 42,00 | 43,9 | 45,9 42 1,03
13 26,37 | 28.3% [ 30,23 | 32.2% | 341 | 36,14 | 38.00 [ 40,03 | 419 | 43,94 | 45.8% 43 1.03
44 26,37 | 28.2% | 30,250 | 3204 | 3414 | 36,004 | 38,00 | 39,30 | 41,9 | 45,8 | 45,8 44 1.03
45 26,3 | 28,20 | 30.2: | 3214 | 340 [ 36,00 | 379 [ 3992 | 418 | 43,82 | 457K 45 1.03
46 25,8 | 2V.8% [ 2979 | 316 | 3350 | 3544 | 3T.3M [ 3929 | 411 | 43,1 | 45.0 46 1.05
47 2547 | 2737 | 292 | 3104 | 35,00 | 348 | 36,7 | 38.6% | 405 | 4244 | 44,23 47 1.06
48 20,0 | E6.9% | 28,77 | 306 | 32,45 | 34.3% | 36,1 | 36,054 | 3985 | 41,7 | 43,5 48 1.08
43 2467 | 264w [ 28.2% | 301 | 319 | 33,7 | 3550 [ 7.3 | 39.2 | 410 | 42.8% 49 1,10
50 2537 | 2vav | 290 | 30,9 | 328 | 347 | 366 | 3840 | 40,3 | 2.2 | 4400 50 1.07
51 24,957 | 26,7 | 28,650 | 304 | 3220 | 341 | 3590 | 3780 | 3960 | 4155 | 43,3 51 1.09
52 2440 | 26,537 [ 2810 | 299 | 31 | 335 | 355 [ 3T | 38,9 | 40,7 | 42,57 52 1.1
53 24,00 | 258w [ 276 | 2937 | 311 | 329 | 347 [ 36.5% | 38.2% | 40,00 | 418 53 113
od 236 | 25,37 | 27 | 28,87 | 3063 | 32,3 | 3414 | 3580 | 375 | 393 | .04 54 1.15
55 23.2% | 249 | 26.8% | 28,3 | 30,0 [ 317 | 354 | 3504 | 36,9 | 38.6% | 40,3 L 117
56 224w | 240 [ 257 | 274 | 29.0% | 30,7 | 3253 [ 3400 | 356 | 375 | 39.0 56 1.21
o7 216 | 23,20 | 2485 | 26,43 | 28,00 | 296 | 312 | 32.8% | 4.4 | 36.0: | 376X 57 1.25
58 20,94 | 224 | 2400 | 25,5 | 270 [ 28.6% | 301 [ 3174 | 33,2 | 34.8% | 36,3 58 1.29
59 2004 | 216 | 230 [ 2846 | 26,1 [ E7.6% | 29,1 | 30.6% | 32,00 | 33.5% | 35,0 53 1.34
60 1780 | 1914 | 200454 | 2170 | 23,00 | 24,30 | 25,7 | 27004 | 28,3 | 29,60 | 30,3 60 152
61 171 [ 1845 | 196 | 20,934 | 22,23 | 2345 | 24,704 | 2594 [ 27,2 | 26,50 | 29,74 61 158
62 1645 [ 176 | 16,80 [ 20014 | 213 [ 22.5% | 23,7 | 2490 | 26,14 | 274 | 28,6 62 1.65
63 15,77 | 16,90 | 18,1 | 19,20 | 2004 | 216% | 22,7 | 23.9% | 251 | 26.2% | 274 63 1,72
64 5.1 [ 16,20 | 173 [ 1840 | 195 | 20,7 | 218 | 22,90 [ 24,00 | 25,1 | 26,2 64 1.79
65 4.4 [ 15.5% | 166 [ 17604 | 18,7 | 1983 | 20085 | 219 [ 23,00 | 2400 [ 25,14 65 1.87
66 1B || BhSer || 1SiEes || Alsdmet || ks || Edgen || 1ENERE |2l || EhEe || 2R || Rl 66 2.00
67 1265 | 1367 | 4.5 | 1940 | 1645 | 17.3% | 18.2% | 1925 | 20,1 | 210x | 22,0 67 2.4
68 M7 | 12060 | 13.5% | 1430 | 1520 | 18,1 | 17,00 | 17.8% | 18,7 [ 1965 | 20,4 68 2.30
63 10,9 | M7= | 1250 | 13,350 | .04 | 4.9 | 15,74 | 18,50 | 17.3% | 181 | 18.9% 69 2.49
=70 10,65 | Tdi [ 12,20 | 13,00 [ 15,7 | 14,50 | 15.3% | 16,1 | 16,3 | 17,7 | 18.5% 70 2.55

NOTE 1: The row for men aged 40 years should be used for men < 40 years of age.

NOTE 2: The row for men aged 70 years should be used for men > 70 years of age.
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referred from the radiotherapy departments with a proton
therapy facility, whereas 84 patients (31%) were referred
from radiotherapy departments without a proton therapy
facility.

Patient and radiation characteristics of the patients
actually receiving proton therapy show that most of the
selected patients had baseline cardiovascular risk factors
(76%) and left-sided breast cancer (219/268 = 82%) (Table 2).
Dose-volume histogram parameters of photon and proton
plans of the plan comparison are given in Table 2. The ANTCP
for ACE between proton and photon plans was on average
2.9%, with a range of 2—11.7%.

Discussion

We developed a nationally approved indication protocol
to select breast cancer patients for proton therapy based on
their predicted reduction in risk of ACE <80 years of age.
Based upon this protocol, about 3.4% of breast cancer pa-
tients were selected for proton therapy in the radiotherapy
departments with a proton facility.

The Dutch model-based approach to select patients for
proton therapy is unique in the world. In combination with
prospective monitoring of side-effects, it allows for the
external validation of the selected model. In addition, it
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A
Dose distribution of photon plan (deep inspiration
breath hold)

e  Mean Heart Dose = 6.0 Gy

e Mean Lung Dose = 6.8 Gy

o  Mean Contralateral breast dose = 2.3 Gy
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Dose distribution of proton plan (free breathing)

Mean Heart Dose = 0.1 Gy
Mean Lung Dose = 3.1 Gy
Mean Contralateral breast dose = 0.5 Gy

B

Only yellow marked cells are needed as input Only yellow marked cells are needed as input

Cumulative risk on ACE < 80 years of age Cumulative risk on ACE < 80 years of age
Gender female Gender female
Age (years) 40 between 38 and T Age (years) 40
Mean Heart Dose (Gy) 6 betweern & and KT Mean Heart Dose (Gy) 0,1 between & and K
Cardiac risk factors no Cardiac risk factors no

NTCP (%) 9,99% NTCP (%) 6,97%
DELTA NTCP (%) 3,02%

Fig 1. Example of a plan comparison for a female patient of 40 years of age, with an indication for radiotherapy of the chest wall, and axilla level
1—4, with a dose of 20 x 2.18 Gy to the elective regions and 20 x 2.67 Gy to the tumour bed because of involved margins. (A) Dose distributions,
left photons, right protons. The mean heart dose in the photon plan of 6 Gy exceeds the threshold dose (see Table 1A: threshold dose for a 40-
year-old female without cardiovascular risk factors = 3.9 Gy), such that a plan comparison is indicated. (B) The completed Excel spreadsheet to
calculate the difference in risk on an acute coronary event <80 years of age between the proton and the photon plan.

allows comparison of the observed incidence of complica-
tions after proton therapy, with the expected incidence of
those complications when patients would have been
treated with photons, based on the back up photon plan
from the plan comparison (i.e. model-based clinical evalu-
ation [4]). In this way, each patient serves as his/her own
control in silico. The advantages of this approach are: (1)
only the patients expected to benefit the most are selected
for proton therapy; (2) it corrects for practice variation in
treatment planning as it compares the clinically applicable
photon plan from the referring centres with the proton
therapy plan, and (3) it considers technological improve-
ments of both modalities over time.

However, for breast cancer, the prospective validation
of the model is hampered by the fact that the primary end
point is the risk of ACE before the age of 80 years.
Consequently, if we want to reach that end point, 30—40

years of follow-up is required. In addition, if we want to
investigate whether the observed incidence of ACE is at
least 2% lower than the estimated incidence of the photon
plan, a large number of patients are required to have
sufficient power. Nevertheless, we are currently exploring
two options to enable such a comparison. First, we
explore the possibilities of collaboration with the DBCG
and UK groups, to increase the available breast cancer
patients treated with proton therapy. Second, Lorenzen
et al. [32] analysed the Danish data and found a 19% in-
crease per Gy MHD for ACE, for patients with a follow-up
varying from 8 to 36 years, whereas Darby et al. [23] only
found a 7.4% increase per Gy MHD. If the data of Lorenzen
prove to be true, the observed reduction in NTCP will be
much larger than predicted based upon the Darby model.
This might enable an earlier analysis, i.e. an analysis after
for example 10 years instead of an analysis after 30—40
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Table 2

Overview of breast cancer patients referred to Dutch proton centres from February 2019 until 1 January 2021 (A). Dose-volume parameters
are averaged over the 268 patients actually receiving proton therapy. The values are based on the photon and proton plans made for plan

comparison (B)

(A)

Total number of patients irradiated with curative intent in the radiotherapy departments with a proton 5382
therapy facility*

Number of patients with a plan comparison 311

Number of patients treated with proton therapy (referred from centre with proton therapy/centre 268
without proton therapy)* (184/84)

Percentage of patients treated with proton therapy of the total number of curatively treated patients in

radiotherapy centre with a proton therapy facility

(184/5382) x 100 = 3.4%

Number IMC left/right treated with proton therapy 118/25

Number patients treated with proton therapy with cardiovascular risk factors 204

Mean age of patients treated with proton therapy in years (range) 49 (19-80)

Number of left-/right-sided patients treated with proton therapy 219/31

Number of bilateral proton therapy 18

Number of proton therapy without a boost 139

(B)

Average DVH parameters for the 268 patients treated with proton therapy Photons Protons

Mean MHD in Gy (range) 5.1 (2.5-18.9) 0.74 (0.0-6.2)
Mean MLD in Gy (range) 7.2 (1.3-17.3) 3.7 (0.0—15.4)
Mean contralateral breast dose photons in Gy (range) 2.7 (0.1-15.1) 0.4 (0.0-5.3)
Mean NTCP in % (range) 13.0 (6.5—23.0) 10.0 (4.3—15.6)
Mean ANTCP in % (range) photons minus proton therapy 2.9 (2.0-11.7)

DVH, dose-volume histogram; IMC, internal mammary chain; MHD, mean heart dose; MLD, mean lung dose; NTCP, normal tissue
complication probability, i.e. risk of developing an acute coronary event before the age of 80 years.

* Holland Proton Therapy Centre is a proton therapy-only centre, parented by Leiden University Medical Centre and Erasmus University
Medical Centre. In this table, Leiden University Medical Centre and Erasmus University Medical Centre are considered as belonging to

Holland Proton Therapy Centre.

years. To test the underlying hypothesis that model-based
selection for breast cancer patients is cost-effective, cost-
effectiveness analyses will be carried out in the future,
using the data on prospectively recorded side-effects, in
combination with the applied EQ-5D questionnaires and
estimated hospital-based costs.

The selection criteria in the current breast cancer NIPP do
have their limitations. First, cardiovascular risk factors
applied in the Darby model are defined very broadly:
almost all ICD codes involving the word heart or vessel are
considered a risk factor, whereas it is hard to believe that
venous thrombosis of the calf really is a risk factor for ACE
due to radiotherapy. On the other hand, known risk factors
such as anthracycline containing chemotherapy [13] are not
considered. Second, due to lack of data on the absolute
incidence of ACE in the Netherlands <40 years of age, and to
the fact that the model of Darby et al. was only based on a
very limited number of patients <40 years of age, we
decided to use the same lifetime risk for a patient <40 years
as for a patient of 40 years of age. This probably leads to
some underestimation of the lifetime risk for these young
patients, especially if higher sensitivity to radiation expo-
sure to the heart at younger ages is not considered. Third, in
the current NIPP we only select patients based on an esti-
mated difference in risk of ACE <80 years of age, whereas
other toxicities, such as other cardiac injuries and induction
of secondary tumours, may also be reduced with proton
therapy [13,33,34].

Despite these shortcomings, we consider the chosen
model as a good first step to select patients that will benefit
the most. Future work will consist of improving the model,
e.g., by adding new risk factors of ACE and or other dose-
volume histogram parameters that are more predictive for
the risk of ACE (MEDIRAD-BRACE clinicaltrials.gov:
NCT03211442).

The clinical implementation in the proton centres showed
that 3.4% of their breast cancer patients were selected for
proton therapy. For radiotherapy departments without a
proton facility this percentage was much lower. This can be
explained by a variety of reasons: (1) when shared decision
making is applied, some patients chose not to be referred for
‘only >2%’ reduction in risk on ACE; (2) centres without
proton therapy and with proton therapy probably make
different trade-offs when optimising the photon radio-
therapy plan: in centres without proton therapy, probably
more often a slight underdosage of the target is accepted, to
allow better sparing of the heart, whereas in centres with
proton therapy, no underdosage is accepted, resulting in a
higher heart dose, such that in more patients a ANTCP >2%is
reached. Similarly, in proton therapy centres the dose to the
contralateral breast is probably minimised more often,
resulting in a higher heart dose, whereas in non-proton
therapy centres, some dose to the contralateral breast is
accepted, to allow better sparing of the heart. Currently,
several Dutch initiatives are underway to reduce practice
variation in terms of the application of photon therapy [35].
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Conclusion

A nationally approved indication protocol for the se-
lection of breast cancer patients for proton therapy has
been composed, where selection is based on the predicted
risk of ACE before the age of 80 years, according to the
Darby model, applied to the Dutch incidence of ACE per
age category. Based on this model-based selection, 268
breast cancer patients have been treated with proton
therapy in the Netherlands in the past 2 years. Further
studies are required to validate the applied model-based
selection, and to add further models for other relevant
toxicity end points.

Conflicts of interest

J.A. Langendijk has research collaborations with Mirada,
IBA, Philips, Raysearch, Siemens, Elekta and Leonie. A con-
sultancy fee is paid by IBA to UMCG Research B.V.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clon.2021.12.007.

References

[1] Peeters A, Grutters JP, Pijls-Johannesma M, Reimoser S, De
Ruysscher D, Severens JL, et al. How costly is particle therapy?
Cost analysis of external beam radiotherapy with carbon-ions,
protons and photons. Radiother Oncol 2010;95(1):45—53.
https://doi.org/10.1016/j.radonc.2009.12.002.
Ramaekers BL, Grutters JP, Pijls-Johannesma M, Lambin P,
Joore MA, Langendijk JA. Protons in head-and-neck cancer:
bridging the gap of evidence. Int J Radiat Oncol Biol Phys
2013;85(5):1282—1288. https://doi.org/10.1016/].ijrobp.2012.
11.006.
Langendijk JA, Lambin P, De Ruysscher D, Widder ], Bos M,
Verheij M. Selection of patients for radiotherapy with protons
aiming at reduction of side effects: the model-based
approach. Radiother Oncol 2013;107(3):267—273. https://doi.
org/10.1016/j.radonc.2013.05.007.
Langendijk JA, Boersma LJ, Rasch CRN, van Vulpen M,
Reitsma ]B, van der Schaaf A, et al. Clinical trial strategies to
compare protons with photons. Semin Radiat Oncol 2018;
28(2):79—87. https://doi.org/10.1016/j.semradonc.2017.11.008.
[5] Osman SO, Hol S, Poortmans PM, Essers M. Volumetric modu-
lated arc therapy and breath-hold in image-guided locoregional
left-sided breast irradiation. Radiother Oncol 2014;112(1):
17—22. https://doi.org/10.1016/j.radonc.2014.04.004.
[6] Mast ME, Vredeveld EJ, Credoe HM, van Egmond ],
Heijenbrok MW, Hug EB, et al. Whole breast proton irradia-
tion for maximal reduction of heart dose in breast cancer
patients. Breast Cancer Res Treat 2014;148(1):33—39. https://
doi.org/10.1007/s10549-014-3149-6.
Poortmans PM, Weltens C, Fortpied C, Kirkove C, Peignaux-
Casasnovas K, Budach V, et al. Internal mammary and medial
supraclavicular lymph node chain irradiation in stage I-III
breast cancer (EORTC 22922/10925): 15-year results of a

[2

[3

[4

[7

randomised, phase 3 trial. Lancet Oncol 2020;21(12):
1602—1610. https://doi.org/10.1016/S1470-2045(20)30472-1.

[8] Taylor CW, Kirby AM. Cardiac side-effects from breast cancer
radiotherapy. Clin Oncol 2015;27(11):621—629. https://doi.
org/10.1016/j.clon.2015.06.007.

[9] Ares C, Khan S, Macartain AM, Heuberger ], Goitein G,
Gruber G, et al. Postoperative proton radiotherapy for local-
ized and locoregional breast cancer: potential for clinically
relevant improvements? Int | Radiat Oncol Biol Phys 2010;
76(3):685—697. https://doi.org/10.1016/].ijrobp.2009.02.062.

[10] MacDonald SM, Jimenez R, Paetzold P, Adams ], Beatty ],
Delaney TF, et al. Proton radiotherapy for chest wall and
regional lymphatic radiation; dose comparisons and treat-
ment delivery. Radiat Oncol 2013;8:71. https://doi.org/10.
1186/1748-717X-8-71.

[11] Cunningham L, Penfold S, Giles E, Le H, Short M. Impact of
breast size on dosimetric indices in proton versus X-ray
radiotherapy for breast cancer. | Pers Med 2021;11(4):282.
https://doi.org/10.3390/jpm11040282.

[12] Choi J, Kim YB, Shin KH, Ahn S], Lee HS, Park W, et al. Radi-
ation pneumonitis in association with internal mammary
node irradiation in breast cancer patients: an ancillary result
from the KROG 08-06 study. | Breast Cancer 2016;19(3):
275—282. https://doi.org/10.4048/jbc.2016.19.3.275.

[13] Boekel NB, Jacobse JN, Schaapveld M, Hooning M], Gietema JA,
Duane FK, et al. Cardiovascular disease incidence after inter-
nal mammary chain irradiation and anthracycline-based
chemotherapy for breast cancer. Br J Cancer 2018;119(4):
408—418. https://doi.org/10.1038/s41416-018-0159-x.

[14] Xu N, Ho MW, Li Z, Morris CG, Mendenhall NP. Can proton
therapy improve the therapeutic ratio in breast
cancer patients at risk for nodal disease? Am J Clin Oncol
2014;37(6):568—574. https://doi.org/10.1097/COC.0b013e31
8280d614.

[15] Braunstein LZ, Cahlon O. Potential morbidity reduction with
proton radiation therapy for breast cancer. Semin Radiat Oncol
2018;28(2):138—149. https://doi.org/10.1016/j.semradonc.2017.
11.0009.

[16] Maduro JH. Future options: the potential role of proton irra-
diation. Breast 2019;48(Suppl. 1):S76—S80. https://doi.org/10.
1016/S0960-9776(19)31129-4.

[17] Bekelman JE, Lu H, Pugh S, Baker K, Berg CD, de Gonzalez AB,
et al. Pragmatic randomised clinical trial of proton versus
photon therapy for patients with non-metastatic breast can-
cer: the Radiotherapy Comparative Effectiveness (RadComp)
Consortium trial protocol. BMJ Open 2019;9(10):e025556.
https://doi.org/10.1136/bmjopen-2018-025556.

[18] Danish Breast Cancer Group: Protocol for Proton Trial. Avail-
able at: https://dbcg.dk/images/PDF/ProtokollerProton/DBCG
%20Proton%20trial%20hovedprotokol_version%201.1%
20220220_VEK%20godkendet.)pdf.

[19] Koorevaar EW, Habraken SJM, Scandurra D, Kierkels RG],
Unipan M, Eenink MGQC, et al. Practical robustness evaluation
in radiotherapy - a photon and proton-proof alternative to
PTV-based plan evaluation. Radiother Oncol 2019;141:
267—274. https://doi.org/10.1016/j.radonc.2019.08.005.

[20] Cella L, D’Avino V, Palma G, Conson M, Liuzzi R, Picardi M,
et al. Modeling the risk of radiation-induced lung fibrosis:
irradiated heart tissue is as important as irradiated lung.
Radiother Oncol 2015;117(1):36—43. https://doi.org/10.1016/j.
radonc.2015.07.051.

[21] Lee TF, Chao PJ, Chang L, Ting HM, Huang Y]. Developing
multivariable normal tissue complication probability model to
predict the incidence of symptomatic radiation pneumonitis


https://doi.org/10.1016/j.clon.2021.12.007
https://doi.org/10.1016/j.radonc.2009.12.002
https://doi.org/10.1016/j.ijrobp.2012.11.006
https://doi.org/10.1016/j.ijrobp.2012.11.006
https://doi.org/10.1016/j.radonc.2013.05.007
https://doi.org/10.1016/j.radonc.2013.05.007
https://doi.org/10.1016/j.semradonc.2017.11.008
https://doi.org/10.1016/j.radonc.2014.04.004
https://doi.org/10.1007/s10549-014-3149-6
https://doi.org/10.1007/s10549-014-3149-6
https://doi.org/10.1016/S1470-2045(20)30472-1
https://doi.org/10.1016/j.clon.2015.06.007
https://doi.org/10.1016/j.clon.2015.06.007
https://doi.org/10.1016/j.ijrobp.2009.02.062
https://doi.org/10.1186/1748-717X-8-71
https://doi.org/10.1186/1748-717X-8-71
https://doi.org/10.3390/jpm11040282
https://doi.org/10.4048/jbc.2016.19.3.275
https://doi.org/10.1038/s41416-018-<?thyc=10?>0159-x<?thyc?>
https://doi.org/10.1097/COC.0b013e31<?show [?tjl=20mm]&tjlpc;[?tjl]?>8280d614
https://doi.org/10.1097/COC.0b013e31<?show [?tjl=20mm]&tjlpc;[?tjl]?>8280d614
https://doi.org/10.1016/j.semradonc.2017.11.009
https://doi.org/10.1016/j.semradonc.2017.11.009
https://doi.org/10.1016/S0960-9776(19)31129-4
https://doi.org/10.1016/S0960-9776(19)31129-4
https://doi.org/10.1136/bmjopen-2018-025556
https://dbcg.dk/images/PDF/ProtokollerProton/DBCG%20Proton%20trial%20hovedprotokol_version%201.1%20220220_VEK%20godkendt.)pdf
https://dbcg.dk/images/PDF/ProtokollerProton/DBCG%20Proton%20trial%20hovedprotokol_version%201.1%20220220_VEK%20godkendt.)pdf
https://dbcg.dk/images/PDF/ProtokollerProton/DBCG%20Proton%20trial%20hovedprotokol_version%201.1%20220220_VEK%20godkendt.)pdf
https://doi.org/10.1016/j.radonc.2019.08.005
https://doi.org/10.1016/j.radonc.2015.07.051
https://doi.org/10.1016/j.radonc.2015.07.051

(22]

(23]

[24]

[25]

[26]

[27]

(28]

L.J. Boersma et al. / Clinical Oncology 34 (2022) 247—-257

among breast cancer patients. PLoS One 2015;10(7):e0131736.
https://doi.org/10.1371[journal.pone.0131736.

Seppenwoolde Y, Lebesque ]V, de Jaeger K, Belderbos ]S,
Boersma LJ, Schilstra C, et al. Comparing different NTCP models
that predict the incidence of radiation pneumonitis. Normal tissue
complication probability. Int ] Radiat Oncol Biol Phys 2003;55(3):
724—735. https://doi.org/10.1016/s0360-3016(02)03986-x.
Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U,
Bronnum D, et al. Risk of ischemic heart disease in women
after radiotherapy for breast cancer. N Engl ] Med 2013;
368(11):987—998. https://doi.org/10.1056/NEJMoa1209825.
van den Bogaard VA, Ta BD, van der Schaaf A, Bouma AB,
Middag AM, Bantema-Joppe EJ, et al. Validation and modifi-
cation of a prediction model for acute cardiac events in pa-
tients with breast cancer treated with radiotherapy based on
three-dimensional dose distributions to cardiac sub-
structures. J Clin Oncol 2017;35(11):1171-1178. https://doi.
org/10.1200/JC0.2016.69.8480.

Collins GS, Reitsma ]B, Altman DG, Moons KG. Transparent
reporting of a multivariable prediction model for individual prog-
nosis or diagnosis (TRIPOD): the TRIPOD statement. Ann Intern Med
2015;162(1):55—63. https://doi.org/10.7326/L15-5093-2.

Berry JD, Dyer A, Cai X, Garside DB, Ning H, Thomas A, et al.
Lifetime risks of cardiovascular disease. N Engl ] Med 2012;
366(4):321—-329. https://doi.org/10.1056/NEJMoa1012848.
Moons KG, Altman DG, Vergouwe Y, Royston P. Prognosis and
prognostic research: application and impact of prognostic
models in clinical practice. BMJ 2009;338:b606. https://doi.
org/10.1136/bmj.b606.

Altman DG, Vergouwe Y, Royston P, Moons KG. Prognosis and
prognostic research: validating a prognostic model. BMJ
2009;338:b605. https://doi.org/10.1136/bmj.b605.

[29]

(30]

(31]

(32]

(33]

(34]

(35]

257

Royston P, Moons KG, Altman DG, Vergouwe Y. Prognosis and
prognostic research: developing a prognostic model. BMJ
2009;338:b604. https://doi.org/10.1136/bmj.b604.

Moons KG, Royston P, Vergouwe Y, Grobbee DE, Altman DG.
Prognosis and prognostic research: what, why, and how? BMJ
2009;338:b375. https://doi.org/10.1136/bmj.b375.

van Nimwegen FA, Schaapveld M, Cutter DJ, Janus CP, Krol AD,
Hauptmann M, et al. Radiation dose-response relationship for
risk of coronary heart disease in survivors of Hodgkin lym-
phoma. J Clin Oncol 2016;34(3):235—243. https://doi.org/10.
1200/JC0.2015.63.4444.

Lorenzen LE, Rehammar (], Jensen MB, Ewertz M, Brink C.
Radiation-induced risk of ischemic heart disease following
breast cancer radiotherapy in Denmark, 1977—2005. Radio-
ther Oncol 2020;152:103—110. https://doi.org/10.1016/].
radonc.2020.08.007.

Grantzau T, Overgaard ]. Risk of second non-breast cancer
among patients treated with and without postoperative
radiotherapy for primary breast cancer: a systematic review
and meta-analysis of population-based studies including
522,739 patients. Radiother Oncol 2016;121(3):402—413.
https://doi.org/10.1016/j.radonc.2016.08.017.

Hoekstra N, Fleury E, Lara TRM, van der Baan PE, Bahnerth A,
Struik G, et al. Long-term risks of secondary cancer for various
whole and partial breast irradiation techniques. Radiother
Oncol 2018;128(3):428—433. https://doi.org/10.1016/j.radonc.
2018.05.032.

Hurkmans C, Duisters C, Peters-Verhoeven M, Boersma L,
Verhoeven K, Bijker N, et al. Harmonization of breast cancer
radiotherapy treatment planning in the Netherlands. Tech
Innov Patient Support Radiat Oncol 2021;19:26—32. https://
doi.org/10.1016/j.tipsro.2021.06.004.


https://doi.org/10.1371/journal.pone.0131736
https://doi.org/10.1016/s0360-3016(02)<?thyc=10?>03986-x<?thyc?>
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1200/JCO.2016.69.8480
https://doi.org/10.1200/JCO.2016.69.8480
https://doi.org/10.7326/L15-5093-2
https://doi.org/10.1056/NEJMoa1012848
https://doi.org/10.1136/bmj.b606
https://doi.org/10.1136/bmj.b606
https://doi.org/10.1136/bmj.b605
https://doi.org/10.1136/bmj.b604
https://doi.org/10.1136/bmj.b375
https://doi.org/10.1200/JCO.2015.63.4444
https://doi.org/10.1200/JCO.2015.63.4444
https://doi.org/10.1016/j.radonc.2020.08.007
https://doi.org/10.1016/j.radonc.2020.08.007
https://doi.org/10.1016/j.radonc.2016.08.017
https://doi.org/10.1016/j.radonc.2018.05.032
https://doi.org/10.1016/j.radonc.2018.05.032
https://doi.org/10.1016/j.tipsro.2021.06.004
https://doi.org/10.1016/j.tipsro.2021.06.004

	Model-Based Selection for Proton Therapy in Breast Cancer: Development of the National Indication Protocol for Proton Thera ...
	Introduction
	Materials and Methods
	Procedure of Model Selection
	First Clinical Experiences

	Results
	Assessment of the Most Relevant End Points
	Review of the Literature, Selection of a Model
	Further Development of the Model for the Dutch Population
	Implications for Plan Comparison and Model-based Selection
	Approval of the National Indication Protocol for Proton Therapy
	First Clinical Experiences

	Discussion
	Conclusion
	Conflicts of interest
	Appendix A. Supplementary data
	References


