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ARTICLE INFO ABSTRACT

Keywords: Purpose: Despite advancements in radiation techniques, concerns persist regarding the adverse effects of ra-
Cardiac substructure diation therapy, particularly cardiotoxicity or radiation-induced heart disease. Recently, arrhythmogenic toxi-
Cardiotoxicity city has come to the forefront—the impact of radiation therapy on the cardiac conduction system. Our objective

Proton therapy
Non-small cell lung cancer
Conduction nodes

was to conduct a dosimetric study and subsequently investigate the feasibility of optimizing the sinoatrial (SA)
and atrioventricular (AV) nodes as organs at risk (OARs) in proton radiation therapy for non-small cell lung
cancer with N3 disease.

Patients and Methods: Thirty-two non-small cell lung cancer patients with N3 disease undergoing proton ra-
diation therapy were included. Sinoatrial and AV nodes, along with standard OARs, were delineated. Dosimetric
analysis and optimization were performed using intensity-modulated proton therapy.

Results: Patients surpassing a predefined SA node dose threshold underwent dose optimization. Proton radiation
therapy with pencil beam scanning demonstrated a significant reduction in SA and AV node doses without
compromising target volume coverage or significant shift in the dose to other monitored OARs.

Conclusion: Dose reduction to the SA and AV nodes for pencil beam scanning is a relatively simple task, and the
reduction can be very substantial. Larger cohort studies and diverse radiotherapeutic modalities are needed for
further validation and refinement of dose constraints.

Introduction heterogeneous manifestation of radiation-induced heart disease. Re-

cently, arrhythmogenic toxicity has come to the forefront—the impact

Despite significant advances in radiation techniques, the adverse
effects of radiation therapy remain a major concern in contemporary
radiation oncology. Radiation toxicity to the heart, that is, cardiotoxi-
city or radiation-induced heart disease, occurs in patients undergoing
radiation therapy in the thoracic region. Historically, cardiotoxicity has
been primarily perceived as radiation-induced coronary artery disease,
structural myocardial damage, and valvular dysfunction.
Cardiovascular diseases resulting from these phenomena represent a
leading cause of death among patients who have undergone radiation
therapy in the heart region.' Definition, diagnosis, treatment, and
management of these conditions are addressed by guidelines on cardio-
oncology, first published in 2022 by the European Society of Cardi-
ology.” However, radiation affects all tissues, leading to a highly

of radiation therapy on the cardiac conduction system. Following ra-
diation therapy, a spectrum of conduction disorders may occur, in-
cluding supraventricular arrhythmias (atrial fibrillation, flutter), ven-
tricular  arrhythmias (ventricular tachycardia, extrasystoles),
bradyarrhythmias, blocks, and tachyarrhythmias.** Many of these
arrhythmias are potentially life-threatening, contributing to increased
morbidity, mortality,” "' or reduced quality of life, for example, due to
the necessity of pacemaker implantation.’’'?

Sinoatrial (SA) and atrioventricular (AV) nodes are not currently
routinely monitored as organs at risk (OARs). However, dosimetric
studies on the conduction system'®'® and research exploring the in-
fluence of radiation dose on the conduction nodes concerning ar-
rhythmogenic toxicity or increased mortality and morbidity have begun
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Figure 1. Contouring of SA and AV nodes. Description: pink—SA node, purple—AV node, blue—left ventricle, yellow—right ventricle, green—right atrium, and
red—left atrium. (A and B) Axial images, (C) frontal image, and (D) 3-dimensional representation. Abbreviations: AV, atrioventricular; SA, sinoatrial.
Source: Domansky Martin (2023), RayStation Clinical System (12A SP1), Proton Therapy Center Czech, Prague.

to emerge.'”'" The primary objective of our study was firstly to sup-
plement limited dosimetric data and studies related to the conduction
structures of the heart (specifically SA and AV nodes) and secondly to
verify the feasibility of sparing these structures through proton radia-
tion therapy after their inclusion as OARs. In this study, we selected
patients with non-small cell lung cancer (NSCLC) with N3 disease, in
whom, in our judgment, cardiac structures (including conduction
nodes) would be exposed to a high dose.

Methods and materials
Study population

A total of 32 patients with NSCLC treated from September 2016 to
March 2023 were included in this dosimetric study. These patients had
N3 disease, which indicates metastases in the contralateral mediastinal,
contralateral hilar, ipsilateral or contralateral scalene, or supraclavi-
cular lymph nodes. Contouring for these cases is based on delineating
positron emission tomography-positive findings (primary tumor and
affected nodes). According to internal methodology, selected elective
areas with a high risk are also delineated. These patients have large
target volumes, leading to an anticipated high dose to the heart and its
structures. They were in clinical stages IIIB-IV. In this sample, 20 pa-
tients (62.5%) had a right-sided tumor, 9 had a left-sided tumor (28%),
and 3 had an indistinguishable/bilateral location (9%). Radiation was
delivered either in 2 phases with a gradual reduction of target volumes
or using the technique of simultaneous integrated boost, with a total
dose ranging from 60 to 75 GyE (Gray equivalent)/25 to 30 fractions for
the primary tumor and 50 to 54 GyE/25 to 30 fractions for elective
lymphatic areas.

Cardiac structures delineation and dosimetry

SA and AV nodes were contoured for patients in addition to the
originally standard monitored structures (atria, ventricles, coronary
arteries, whole heart, lungs, spinal cord, esophagus, trachea, thyroid
gland). Planning was conducted using RayStation planning software
(Ray Search, Sweden, treatment planning system). First contouring
atlas for SA and AV nodes was published by Loap et al.'” This con-
touring technique has been utilized in other dosimetric studies,'®
161819 and therefore, it was applied in our study (Figure 1). Sinoatrial
node was defined as a sphere with a radius of 10 mm, positioned at the
junction of the superior vena cava and the auricula of the right atrium,
ensuring it did not extend beyond the entire heart volume. Vertically,
the center of the SA node was defined as the point where the aorta fully
separated from the left ventricle. The AV node is located 1 cm above the
first slice where the left atrium ends. The AV node was defined as a
sphere with a radius of 10 mm centered at the junction of the 4 cardiac
chambers. Subsequently, the dose received by both nodes during the
administered radiation therapy was calculated.

Optimization process

After analyzing doses to the SA and AV nodes, patients with D2%
(dose received by 2% of the volume, ie, maximal dose D,,,) to the SA
node exceeding a dose of 5GyE were selected. This limit was estab-
lished based on the International Lymphoma Radiation Oncology Group
recommendations, which state to minimize cardiac substructure doses
as much as possible, ideally under 5 Gy. Out of the original sample of 32
patients, this threshold was surpassed in 23 patients. Doses to the AV
node were not considered, as in most cases, they approached 0 or
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Table 1
Dosimetry sum.
SA node D2% SA node AV node D2% AV node
(ie, Diax) Diean (ie, Dinax) Dmean
Average value (all) 27.9 14.2 2.0 0.8
Median (all) 26.5 8.6 0.6 0.3
Average value (left laterality) 17.1 6.3 0.6 0.3
Average value (right laterality) 325 17.7 2.6 1.0
Median (left laterality) 16.6 6.1 0.4 0.2
Median (right laterality) 29.9 10.2 0.9 0.3
MAX 70.7 51.4 17.3 6.5
MIN 6.3 1.8 0.1 0.0

Abbreviations: SA, sinoatrial; D2%, dose received by 2% of the volume, that is, maximal dose (Dpax); Dmean, Mmean dose; AV, atrioventricular; MAX, maximal value;

and MIN, minimal value.

Values in Gray equivalent: 1 GyE represents the physical dose of protons multiplied by a relative biological effectiveness factor 1.1 and should thus have similar

biologic effects as 1 Gy of photon dose.

reached low values (see Table 1). For this subset of selected patients
with D2% =5 GyE to the SA node, dose optimization of the radiation
plan was conducted to reduce the dose to the SA node while preserving
coverage of target volumes and maintaining dose constraints to OARs.

All clinically used plans were calculated using RayStation. For older
plans to have the best comparative value possible, those that were
created using older decommissioned beam mode were reoptimized for
the new beam model.

A full intensity-modulated proton therapy (IMPT) optimization was
performed. New optimization was carried out, taking into account the
SA and AV nodes for these existing treatment plans. Our goal was to
achieve the lowest possible dose to the SA and AV nodes without sig-
nificantly compromising dose coverage to the planning target volume
(PTV), clinical target volume (CTV), and gross tumor volume (GTV) or
substantially increasing the dose to other OARs (see Table 2). The dose
in 2% of the SA and AV node volumes was evaluated (D2%). Assess-
ment criteria included D95% (dose in 95% of the evaluated volume) for
PTV and D98% for CTV and GTV. The impact on the lungs, including
Dineans Vsgyr (volume in % receiving more than 5 GyE), and Vogyg, Was
also evaluated, as well as the effect of optimization on the heart Vi56yr
and Dypean- The effect of SA and AV node optimization on individual
compartments of the heart Dy,ean and esophagus Dp,ean Was also eval-
uated. The dose values were given in Gray equivalent, where 1 GyE
represents the physical dose of protons multiplied by a relative biolo-
gical effectiveness factor of 1.1 and should thus have similar biologic
effects as 1 Gy of photon dose.

Results

Within our sample of 32 patients, the average SA node D2% (ie,
Diax) Was primarily 27.9 GyE, and the average SA node Dje., was
14.2 GyE. The median SA node D2% was 26.5 GyE (6.3-70.7), and for
Dinean, it was 8.6 GyE (1.8-51.4). For the AV node, the average AV node
D2% was 2.0, and the average AV node Dyean Was 0.8 GyE. The median
AV node D2% was 0.6 GyE (0.1-17.3), and for Dycan, it was 0.3 GyE
(0.0-6.5). All these values represent the sum of phases I and II. In cases
of right-sided tumor localization, the SA node received a substantially
higher dose compared to left-sided tumor localization. The average SA
node D2% for right-sided tumors was 32.5 GyE, compared to 17.1 GyE
for left-sided tumors. Within the entire observed sample, the 3 highest
values for SA node D2% were 70.7, 57, and 46.8 GyE, with all 3 patients
having right-sided tumor localization.

Optimization was performed for 23 patients with SA node D2%
exceeding 5 GyE. Results are presented in Table 2. It is evident that the
D2% value for the SA node was successfully reduced by almost two
thirds (from 27.93 to 10.55 GyE)—the average reduction was 62% (ie,
to 38% of the original value). For illustration, in the patient with the
highest observed SA node D2% (70.7 GyE), the dose was reduced to

17.5 GyE. The best reduction in SA node D2% was 87%, and the least
successful reduction was 17%.

We did not observe a significant shift in the dose to other monitored
OARs (see Table 2). For example, the average increase in Dyeq, for the
left lung was only 0.9%, while for the right lung, there was a reduction
of 0.4%. This dose reduction also resulted in a decreased dose to cardiac
structures, especially the right atrium. These optimizations led to a
reduction in dose exposure to the heart Dy,e., by 13.3% and to the right
atrium Dpean by 34.4%. Simultaneously, this dose reduction did not
result in a substantial decrease in the coverage of PTV, CTV, or GTV.
The coverage of target volumes was only negligibly reduced (on
average by 0.6%). The reduction in dose to the conduction nodes can be
very substantial, with an average reduction of 62.2% for SA node and
61.3% for AV node D2%. The SA and AV nodes Dy,can Were reduced on
average by 61.3% both. Illustration of dose distribution before and after
optimization see in Figure 2.

Discussion

The inclusion of heart conduction structures, namely the SA and AV
nodes, as OARs is likely to have the greatest significance in diagnoses
where cardiotoxicity is most prevalent. This is evident, for instance, in
the treatment of lung cancer,”” particularly in cases of right-sided tu-
mors,”’ mediastinal lymphomas,®° thymomas,” or esophageal cancer.”'
The last-mentioned study also illustrates a very high incidence of car-
diotoxicity: 21.4% of patients developed incidental AF, and one third
developed major adverse cardiovascular events, with the majority of
events occurring within <2 years of radiation therapy initiation. High
doses to the observed cardiac substructures were also associated with
worse overall survival.

The risk of developing major adverse cardiac events increases with a
rising mean dose (Dpean) to the entire heart.” However, recent findings
suggest that this parameter is not entirely precise, as the heart exhibits
significant heterogeneity in terms of radiosensitivity. Across several
studies, McWilliam et al' #2222 jdentified the base of the heart as the
most radiosensitive region, housing the conduction system or having a
close relationship with its origins—the SA and AV nodes. The SA node is
located in the myocardium of the right atrium between the opening of
the superior vena cava and right atrial appendage on the crista termi-
nalis. It has a curved shape, with dimensions estimated to be around
15mm in length and a width ranging from 3 to 7 mm.”* Impulse is
conducted from the SA node through interatrial connections to the left
atrium and to the AV node, located in the lower part of the right atrium
at the junction of atria and ventricles. The AV node slows down the
impulse and transmits it to the bundle of His.

The mean dose (Dpean) to the entire heart (or V5 and V30) is a
routinely monitored parameter but has limitations concerning cardio-
toxicity, particularly arrhythmogenic cardiotoxicity.'®'>*>** This is
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Table 2
Optimization evaluation.
Average Min Max Median
SA D2y, Arelative 62.21% —87.21% —17.49% —65.46%
Original (GyE) 27.93 13.98 6.29 31.47
SA+ AV optimized (GyE) 10.55 1.78 5.19 10.87
AV D2y, Arelative —61.33% —84.00% 64.81% —38.01%
Original (GyE) 1.95 1.75 0.54 0.64
SA +AV optimized (GyE) 0.76 0.28 0.89 0.38
SA Dmean Arelative —61.30% —90.37% —14.61% —65.34%
Original (GyE) 14.16 12.15 1.78 6.29
SA +AV optimized (GyE) 5.48 1.17 1.52 2.18
AV Dijean Arelative —61.33% —94.27% 19.05% —25.00%
Original (GyE) 0.75 6.46 0.21 0.16
SA +AV optimized (GyE) 0.29 0.37 0.25 0.12
PTV Dosos, Arelative —0.42% —2.95% 3.19% —0.30%
Original [GyE] 52.40 46.47 66.16 59.05
SA+ AV optimized [GYE] 52.18 45.10 68.27 58.87
CTV Dogo, Arelative —0.57% —5.54% 2.84% —0.39%
Original (GyE) 54.11 64.76 65.84 66.70
SA+ AV optimized (GyE) 53.80 61.17 67.71 66.44
GTV Dogy;, Arelative —0.64% —6.46% 1.50% 0.00%
Original (GyE) 60.14 46.89 65.34 66.41
SA+ AV optimized (GyE) 59.76 43.86 66.32 66.41
Lung sin Dpean Arelative 0.93% —2.44% 25.00% 0.50%
Original (GyE) 10.64 0.82 0.08 4.01
SA + AV optimized (GyE) 10.74 0.80 0.10 4.03
Lung dx Dean Arelative —0.44% —7.49% 2.88% —0.20%
Original (GyE) 16.13 7.88 26.75 19.93
SA + AV optimized (GyE) 16.06 7.29 27.52 19.89
Heart Diean Arelative —13.27% —64.80% 0.00% —14.58%
Original (GyE) 5.64 4.46 6.68 3.36
SA+ AV optimized (GyE) 4.89 1.57 6.68 2.87
Esophagus mean Dpean Arelative —-0.17% —50.00% 3.89% —0.09%
Original (GyE) 30.04 0.04 34.43 43.03
SA+ AV optimized (GyE) 29.99 0.02 35.77 42.99
Atrium dx Dean Arelative —34.42% —85.38% —4.35% —41.10%
Original (GyE) 14.18 3.90 0.23 7.47
SA + AV optimized (GyE) 9.30 0.57 0.22 4.40
Atrium sin Diean Arelative —7.20% —72.46% 4.29% —2.24%
Original (GyE) 24.69 12.78 36.12 13.39
SA +AV optimized (GyE) 2291 3.52 37.67 13.09
Ventricle dX Dyean Arelative —4.96% —50.41% 13.43% —2.89%
Original (GyE) 3.08 1.21 1.34 50.45
SA +AV optimized (GyE) 2.92 0.60 1.52 48.99
Ventricle sin Diean Arelative —1.35% —62.16% 17.07% —1.75%
Original (GyE) 5.38 2.96 0.41 0.57
SA+ AV optimized (GyE) 5.30 1.12 0.48 0.56

Abbreviations: MAX, maximal value; MIN, minimal value; SA, sinoatrial; D2%, dose received by 2% of the volume, that is, maximal dose (Dmax); Dmean, mean dose;
AV, atrioventricular; PTV, planning target volume; CTV, clinical target volume; and GTV, gross tumor volume.
Values in Gray equivalent: 1 GyE represents the physical dose of protons multiplied by a relative biological effectiveness factor 1.1 and should thus have similar

biologic effects as 1 Gy of photon dose.

associated with the aforementioned heterogeneity of the heart. Cur-
rently, there is no consensus on constraint values for the SA and AV
nodes.”® At the same time, it remains a question whether the average
dose (Dpean) Or maximum dose (Dp,.y) of the nodes have a more in-
formative value in this case. Few studies have explored the impact of
cardiac dosimetry on potentially critical substructures associated with
arrhythmias, such as the SA or AV node. However, there are works that
investigate the relationship between dose to the conduction structures
and subsequent development of arrhythmogenic toxicity. For instance,
Chen et al*® describe newly developed arrhythmias (mostly supraven-
tricular in origin) after radiation therapy for NSCLC in 7 patients with
SA node Dy« values ranging from 32 to 69 Gy and with SA node Dyean
values from 17 to 68 Gy. Qian et al'' reported the development of
symptomatic sick sinus syndrome in a patient with SA node D,,,x of
44.8 Gy.

A retrospective study by Kim et al'® proposed a specific constraint
value, namely a cut-off value for D.x on the SA node. The study
evaluated a group of patients with NSCLC and small cell lung
cancer after chemoradiotherapy. For patients with small cell lung

cancer, exceeding the cut-off value of 53.5Gy for SA node D,y sig-
nificantly increased the incidence of atrial fibrillation and mortality. In
NSCLC, this cut-off value was set even more than twice as low—at
20.0 Gy. The value of 53.5 Gy, proposed by Kim et al,'’ was exceeded in
nearly half of the patients (n = 14, 44%) in our dosimetric study on
NSCLC patients with N3 disease. In our center so far, we have focused
on the whole heart, valves, coronary arteries, and other routinely
monitored OARs. According to our findings, the dose to the SA node is
high under these optimization procedures. Therefore, including SA
node as a new OAR and attempting to reduce the dose will likely be
justified, especially for NSCLC (particularly right-sided). Thus, in our
dosimetric study, a subgroup was selected from the original 32 patients
where the SA node D2% (ie, D,.y) exceeded 5GyE, for whom we
subsequently performed dose optimization. According to our findings,
dose reduction to the SA and AV nodes for pencil beam scanning (PBS)
is a relatively simple task. This requirement can be met without sig-
nificantly compromising the quality of the treatment plan in terms of
PTV, CTV, or GTV coverage, for which there may often even be an
improvement. Other OARs are not negatively affected when including
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Figure 2. Illustration of dose distribution before and after optimization. Original plan dose distribution (A), SA and AV optimized plan dose distribution (B), DVH
comparison (C), and dose difference (D). Abbreviations: AV, atrioventricular; SA, sinoatrial.
Source: Domansky Martin (2023), RayStation Clinical System (12A SP1), Proton Therapy Center Czech, Prague.

the SA and AV nodes in the optimization process in the case of PBS. The
reduction in dose to the conduction nodes can be very substantial.

In dosimetric study on 30 patients with Hodgkin's lymphoma, Loap
et al'® compared volumetric-modulated arc therapy (VMAT) using
photons to IMPT. The results indicated a dosimetric advantage of
proton radiation therapy, with significantly lower doses observed for
the SA and AV nodes using IMPT compared to VMAT. It should be noted
that the conduction nodes were not included among the OARs. There-
fore, it is hypothetically possible that, if included, low doses could be
achieved using VMAT. However, due to its physical nature, proton ra-
diation therapy allows for easier modulation of the dose distribution,
making it easier to avoid exceeding constraints for specific OARs, in-
cluding the SA and AV nodes. Yet, it remains uncertain whether this
dosimetric advantage translates into any clinical benefit. Only a few
studies have investigated the correlation between doses to the con-
duction nodes and a higher incidence of arrhythmias or mor-
tality.'”"" Clear confirmation of this hypothesis will require pro-
spective validation with long-term follow-up.

Similarly, as mentioned before, there are no recommended dose
constraints for the conduction system. Acquiring these constraints will
necessitate more data and studies encompassing the SA and AV nodes as
OARs to develop normal tissue control probability models for the
conduction system."?

To the best of our knowledge, this study represents the first report
on optimization directed at the conduction nodes. Previous publications
have merely compared measured doses for individual techniques
without attempting to re-optimize radiation plans. Our study, for the
first time, demonstrates that by incorporating the SA node into the
optimization process during IMPT for lung cancer, a substantial re-
duction in dose to the SA node D,,.x can be achieved without com-
promising the irradiation of the target volume or increasing doses to
target organs.

Conclusions

In our dosimetric study, we observed relatively high doses to the SA
node in a sample of 32 patients with NSCLC with N3 disease. Nearly
half of the patients exceeded the threshold of 20 GyE for SA node D2%
(ie, Dmax)- Optimization with PBS proton therapy resulted in a sig-
nificant dose reduction (average D2% value for the SA node reduced to
almost one third) without compromising the coverage of target volumes
or affecting the exposure to OARs. In our opinion, the SA and AV nodes
should be considered standard OARs in radiation therapy. Based on our
observations with PBS, including the conduction nodes among OARs
does not result in a negative impact on other OAR or the coverage of
target volumes. Therefore, incorporating conduction structures, espe-
cially the SA node, into optimization makes sense for radiation therapy
in the thoracic region. Conversely, doses to the AV node were low,
approaching 0, for the overwhelming majority of patients. At our
center, we now routinely optimize for doses above 5 cobalt gray
equivalent, with a priority on D2%, while preserving coverage of target
volumes.

Observations from our study are limited by the small number of
patients and the narrow specification of the studied diagnosis—NSCLC
with N3 disease. Our dosimetric study is solely based on retrospective
replanning. Further clarification of the clinical benefit of reducing the
dose to the SA and AV nodes is necessary. Prospective studies with a
controlled cohort of patients who underwent radiation therapy without
dose reduction and a cohort of patients who completely skipped ra-
diation therapy are recommended for this purpose. Additionally, our
work explores the possibility of dose reduction only within proton ra-
diation therapy using PBS. The potential for dose reduction to the
conduction structures with other radiotherapeutic modalities, espe-
cially intensity-modulated radiation therapy and VMAT, must continue
to be adequately elucidated.
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