QUEEN’S

UNIVERSITY
BELFAST

ESTP1845

Pulmonary vein dose and risk of atrial fibrillation in patients with non-
small cell lung cancer following definitive radiotherapy: An NI-HEART

analysis

Walls, G. M., McCann, C., O'Connor, J., O'Sullivan, A., Johnston, D. I., McAleese, J., McGarry, C. K., Cole, A. J.,
Jain, S., Butterworth, K. T., & Hanna, G. G. (2024). Pulmonary vein dose and risk of atrial fibrillation in patients
with non-small cell lung cancer following definitive radiotherapy: An NI-HEART analysis. Radiotherapy and
Oncology, 192, Article 110085. https://doi.org/10.1016/j.radonc.2024.110085

Published in:
Radiotherapy and Oncology

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2024 The Authors.

This is an open access article published under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution and reproduction in any medium, provided the author and source are cited.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team. We would love to hear how access to
this research benefits you. — Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:06. Jul. 2024


https://doi.org/10.1016/j.radonc.2024.110085
https://pure.qub.ac.uk/en/publications/3aa3cfcf-0310-4715-9785-1a1d4044eeca

Radiotherapy and Oncology 192 (2024) 110085

Contents lists available at ScienceDirect

Radiotherapy
&Oncology

Radiotherapy and Oncology

ELSEVIER

journal homepage: www.thegreenjournal.com
Original Article ' 1)
Pulmonary vein dose and risk of atrial fibrillation in patients with el

non-small cell lung cancer following definitive radiotherapy: An
NI-HEART analysis

Gerard M. Walls ", Conor McCann ¢, John O’Connor ¢, Anna O’Sullivan ¢, David I. Johnston ”,
Jonathan McAleese ?, Conor K. McGarry ", Aidan J. Cole ?, Suneil Jain ", Karl T. Butterworth ”,
Gerard G. Hanna *"

@ Cancer Centre Belfast City Hospital, Belfast Health & Social Care Trust, Lisburn Road, Belfast, Northern Ireland

Y patrick G Johnston Centre for Cancer Research, Queen’s University Belfast, Jubilee Road, Belfast, Northern Ireland

¢ Department of Cardiology, Belfast City Hospital, Belfast Health & Social Care Trust, Lisburn Road, Belfast, Northern Ireland
4 School of Engineering, University of Ulster, York Street, Belfast, Northern Ireland

€ School of Medicine, University College Dublin, Belfield Dublin 4, Ireland

ABSTRACT

Background and purpose: Symptomatic arrhythmia is common following radiotherapy for non-small cell lung cancer (NSCLC), frequently resulting in morbidity and
hospitalization. Modern treatment planning technology theoretically allows sparing of cardiac substructures. Atrial fibrillation (AF) comprises the majority of post-
radiotherapy arrhythmias, but efforts to prevent this cardiotoxicity have been limited as the causative cardiac substructure is not known. In this study we investigated
if incidental radiation dose to the pulmonary veins (PVs) is associated with AF.

Material and methods: A single-centre study of patients completing contemporary (chemo)radiation for NSCLC, with modern planning techniques. Oncology, car-
diology and death records were examined, and AF events were verified by a cardiologist. Cardiac substructures were contoured on planning scans for retrospective
dose analysis.

Results: In 420 eligible patients with NSCLC treated with intensity-modulated (70%) or 3D-conformal (30%) radiotherapy with a median OS of 21.8 months (IQR
10.8-35.1), there were 26 cases of new AF (6%). All cases were grade 3 except two cases of grade 4. Dose metrics for both the left (V55) and right (V10) PVs were
associated with the incidence of new AF. Metrics remained statistically significant after accounting for the competing risk of death and cardiovascular covariables for
both the left (HR 1.02, 95%CI 1.00-1.03, p = 0.005) and right (HR 1.01 (95%CI 1.00-1.02, p = 0.033) PVs.

Conclusion: Radiation dose to the PVs during treatment of NSCLC was associated with the onset of AF. Actively sparing the PVs during treatment planning could
reduce the incidence of AF during follow-up, and screening for AF may be warranted for select cases.

Radiotherapy (RT) is the only definitive treatment option available
to patients with non-small cell lung cancer (NSCLC) deemed to be
technically or medically inoperable. Contemporary RT results have been
improved by the recent introduction of adjuvant immunotherapy, but
outcomes remain poor, with <50% 5-year survival [1], one-third
experience grade 3-4 toxicity, and poor quality of life [2].

Morbidity and mortality following RT are typically attributed to
progression of cancer or chronic comorbidities, but treatment toxicity is
increasingly recognised [3], including radiation cardiotoxicity.
Although a latency period of many years is classically described for
cardiac radiation effects, accumulating evidence suggests cardiac RT
injury is a problem in the short-term for patients with NSCLC [4,5].
Cardiac dose has been linked to the incidence of symptomatic cardiac

events, affecting approximately 25% patients [6]. Hospitalisations and
morbidity resulting from cardiac events are detrimental for quality of
life during cancer survivorship [7,8].

Symptomatic arrhythmia affects up to 11% patients following lung
cancer RT [9], and the most commonly observed arrhythmia subtype is
atrial fibrillation (AF). Kim et al demonstrated that the maximum dose
(Dmax) to the sinoatrial node (SAN), the specialised pacemaker region
of cardiac cells in the right atrial (RA) wall, best predicted new AF from
the available cardiac substructure dose volume histogram (DVH) metrics
in a cohort of 321 patients with NSCLC [10]. In recent esophageal cancer
series, left atrium (LA) DVHs were associated with incident AF [11,12].

The pathological cardiac tissue responsible for AF is typically located
at the junction of the pulmonary veins and the LA in the general
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Fig. 1. A) A representative axial image from a 4-dimensional CT planning scan with the radiation dose color wash overlaid (blue = 10 Gy, red = 55 Gy). The left
atrium is outlined in blue and the pulmonary veins are outlined in mauve. B) A 3-dimensional reconstruction of the left atrium and pulmonary veins from the
posterior view. (LA = left atrium; A = Auricle; LSPV = left superior pulmonary vein; LIPV = left inferior pulmonary vein; RSPV = right superior pulmonary vein; RIPV = right
inferior pulmonary vein). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

population. In AF, the sleeve of myocardial tissue embedded in the
overlapping walls of these structures becomes altered, causing abnormal
propagation of electrical potentials [13]. Pulmonary vein (PV) isolation
is the definitive treatment for AF, involving radiofrequency ablation of
the PVs via cardiac catheterisation [14,15].

As RT is known to cause short- and long-term cardiac tissue injury, it
is plausible that dose deposited in the PVs may in part explain the sig-
nificant rates of AF observed following RT. In this study, the DVH
metrics of the PVs were interrogated for an association with the devel-
opment of AF in patients who completed definitive RT for NSCLC.

Methods and materials
Patients and treatment

Consecutive patients completing curative-intent (chemo)RT for
NSCLC between January 1st 2015 and December 31st 2020 were
retrospectively included, as previously described in other NI-HEART
analyses [16,17]. Patients were excluded if they had previous left-
sided breast or intrathoracic RT, or a history of AF, or if they received
dose-escalated RT (in a clinical trial). Radiotherapy was delivered as 3D-
conformal (3DCRT) or intensity-modulated radiotherapy (IMRT)
including volumetric modulated arc therapy (VMAT) (Varian Eclipse,
Varian Medical Systems Inc), as 55 Gy in 20 once-daily fractions over 4
weeks. A contrast-enhanced 4-dimensional (4D) computed tomography
(CT) scan was obtained for planning and the diagnostic positron emis-
sion tomography scan was fused with this for target and organ-at-risk
delineation. Platinum-doublet concurrent and neoadjuvant chemo-
therapy were administered where patient fitness permitted. Governance
approvals were provided and ethical approval waived, by the Belfast
Health and Social Care Trust, findings were reported in accordance with
the Strengthening the Reporting of Observational Studies in Epidemi-
ology (STROBE) reporting guidelines [18].

Baseline cardiac profiles

Oncology records were interrogated for baseline and subsequent
cardiovascular outcomes, from initiation of RT until death or last follow-
up. Baseline cardiovascular risk factors were collected. ie. hypertension,
dyslipidaemia, diabetes mellitus and tobacco. Established cardiovascu-
lar conditions were recorded. These were defined as coronary artery
disease (stable and unstable angina, and myocardial infarction), heart

failure and non-AF arrhythmia. Vascular disease was also collected
including cerebrovascular disease (ischaemic/haemorrhagic stroke,
transient ischaemic attach and amaurosis fugax), and peripheral
vascular disease (lower limb ischaemia, aortic or pelvic aneurysm). Pre-
existing prescriptions of anti-dysrhythmic drugs (eg. beta-blockers or
calcium channel blockers) and alcohol consumption (0 units/week = 0;
1-6 units/week = 1; 7-14 units/week = 2; 15-21 units/week = 3; >22
units per week = 4) were also recorded since these impact the incidence
of AF. Those patients with no available information were assigned the
median value. ie. 0 units per week. Time-to-AF and -death were
measured from the RT start date. Events were graded by CTCAEv5 and
were verified by an electrophysiology subspecialist cardiologist (CMC).

DVH metrics

The PVs and SAN were manually segmented by a clinical oncologist
(GW) [19,20] (Fig. 1). The LA was auto-contoured using a validated
open-source deep learning algorithm [21]. Verification was performed
on 5% cases randomly selected by a radiation oncologist (GH). DVH
metrics were calculated using the AAA 16.1.0 algorithm. A small se-
lection of PV metrics was prospectively chosen for the analysis through
consensus discussions based on the correlation profiles of the metrics,
and to represent a range of dose levels. The volume receiving >10 Gy
(V10), the mean dose, and the volume receiving >55 Gy (V55), repre-
senting the low-, medium- and high-dose baths respectively. Dmax and
V20 were used for the SAN and LA respectively, based on previous
studies [10,117.

Statistical analyses

Mann-Whitney tests and Chi squared were used to assess the signif-
icance of baseline differences between patients that developed AF versus
those did not, as much of the continuous data for the non-AF cases was
not normally distributed (Shapiro-Wilk). Correlograms based on
Spearman’s correlation coefficients were generated to assess the
collinearity of the PV DVH metrics to inform metric selection (Supple-
mentary Fig. 1), having been shown to be normally distributed on
Shapiro-Wilk testing. Fine and Gray regression was performed with each
candidate metric (V10, mean, V55) in turn, with adjustment for car-
diovascular covariables and death, leading to adjusted hazard ratios
(aHR). The area under the curve (AUC) for prediction of AF events was
calculated for PV metrics with the strongest associations with AF, and
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Table 1
Baseline patient, tumour, treatment and cardiovascular characteristics of the
cohort.
All No Post- Post- P value
Patients Radiotherapy Radiotherapy
(%) AF (%) AF (%)
Number of Patients 420 (100) 394 (94) 26 (6) -
Age (median, IQR) 70 (63-75) 70 (63 - 75) 71 (66 - 76) 0.279
Gender
Female 200 (48) 191 (48) 9 (35) 0.224
Male 220 (52) 203 (52) 17 (65)
Performance Status
0 43 (10) 40 (10) 3(12) 0.690
1 206 (49) 196 (50) 10 (38)
2 152 (36) 140 (36) 12 (46)
3 19 (1) 18 (5) 14
CCI* (median, IQR) 5(5-6) 5(-6) 5(4-6) 0.581
Units of Alcohol Per
Week
None 167 (40) 161 (41) 6 (23) 0.063
1-6 109 (26) 98 (25) 11 (42)
7-14 28 (7) 27 (7) 14
15-21 3(1) 3() 0 (0)
>22 154 12 (3) 3(12)
Unknown 98 (23) 93 (24) 5(19)
T-stage
0 18 (4) 17 (4) 14 0.773
1 102 (24) 96 (24) 6 (23)
2 119 (28) 110 (28) 9 (35)
3 87 (21) 84 (21) 3(12)
4 94 (22) 87 (22) 7 (27)
N-stage
0 129 (31) 120 (30) 9 (35) 0.748
1 72 (A7) 69 (18) 3(12)
2 189 (45) 176 (45) 13 (50)
3 30 (7) 29 (7) 14
Subtype
Squamous cell 199 (47) 186 (47) 13 (50) 0.638
carcinoma
Adenocarcinoma 139 (33) 132 (34) 7 (27)
Clinical 53 (13) 48 (12) 5(19)
Other 29 (7) 28 (7) 14
Chemotherapy
No 265 (63) 261 (66) 20 (77) 0.086
Concurrent 45 (11) 44 (11) 3(11)
Neoadjuvant 89 (21) 87 (22) 2(8)
Neoadjuvant & 3 21 14
Concurrent
Lung V20 (%) 20.3 (15.3 20.3 (15.3 - 20.4 (15.0 - 0.868
(median, IQR) -27.1) 26.7) 27.4)
Hypertension 215 (51) 195 (49) 20 (77) 0.007
Dyslipidemia 250 (60) 231 (59) 19 (73) 0.146
Diabetes Mellitus 88 (21) 81 (21) 7 (27) 0.440
Pack Years 40 (30 - 40 (30 - 55) 50 (40 - 69) 0.101
(median, IQR) 56)
QRISK3 Score** 18.1 (11.8 18.1 (11.0 - 21.5(14.9 - 0.075
—-26.8) 26.6) 35.4)
Coronary Artery 107 (25) 97 (25) 10 (38) 0.117
Disease
Non-AF Arrhythmia 9(2) 6 (2) 3(12) <0.001
Heart Failure 22 (5) 19 (5) 3(12) 0.137
Cerebrovascular 48 (11) 47 (12) 14) 0.210
Disease
Peripheral Vascular 54 (13) 53 (13) 14) 0.156
Disease
Valvulopathy 14 (3) 12 (3) 2(8) 0.201
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Table 1 (continued)

All No Post- Post- P value
Patients Radiotherapy Radiotherapy
(%) AF (%) AF (%)
Statin Therapy 194 (46) 181 (46) 13 (50) 0.688
Anti-Dysrhythmic 105 (25) 97 (25) 7 (27) 0.792

Drug

(IQR = interquartile range; CCI = Charlson Comorbidity Index; AF = atrial
fibrillation,

V20 = volume receiving >20 Gy).

* = calculable for n = 234 non-AF, n = 15 AF; * = CCI was binned for Chi
squared significance testing as 0-4, 5 and 6-10.

for the SAN Dmax [10] and LA V20 [11] for comparison, in order to
determine optimal cut-points (Youden method) for visualising the
impact of PV dose on cumulative incidence of AF after accounting for the
competing risk of death. Cox regression was used to assess the associa-
tion of PV DVHs and post-radiotherapy AF with death, accounting for
baseline and follow-up factors. All statistical analyses were performed
using R Studio [22].

Results

Of 420 eligible patients available, 200 (52%) were female, the me-
dian age was 70 years, and most patients had involved lymph nodes
(69%), as shown in Table 1. Patients were mostly planned with volu-
metric modulated arc therapy (50%) or static gantry intensity-
modulated RT (20%). Chemotherapy was administered in a minority
of cases (33%). The burden of pre-existing cardiovascular morbidity was
high, with 78% having >2 cardiovascular risk factors, and 46% having
>1 established cardiovascular disease. Alcohol consumption was low
across the cohort, with most patients either not drinking (40%) or
drinking <6 units per week (26%), and data was available for 322 pa-
tients. The median OS was 21.8 months (IQR 10.8-35.1 months).

The median volume of the RPV was 5.0 cc (IQR 3.8-6.3), and was
6.4 cc (IQR 4.9-8.4) for the LPV. The median V10, mean, V55 and
maximum dose to the pulmonary veins were the 59.0% (IQR 0.0-100),
12.9 Gy (IQR 3.8-33.6), 0.0% (0.0-7.7) and 25.1 Gy (9.0-56.8) on the
right, and 84.1% (37.3-100.0), 19.6 Gy (9.2-38.4), 0.0% (0.0-13.6) and
49.7 Gy (18.8-57.3) on the left. Doses to the PVs were not improved in
patients treated with IMRT compared with 3D-conformal RT, although
VMAT was associated with improved values for several metrics, as
shown in Table 2.

Twenty-six patients (6%) developed AF with a median onset time of
13.3 months (IQR, 8.4-13.3). All cases were grade 3 except for two
grade 4 s. In terms of baseline demographics, hypertension (20/26 v
195/394) and non-AF arrhythmia (3/26 v 6/394) were statistically
significantly more common in patients that developed AF. For the LPV,
the DVH parameter with the strongest association with the development
of AF was the V55, with an aHR 1.02 (95%CI 1.00-1.03, p = 0.005), as
shown in Table 3. For the RPV, the DVH parameter with the strongest
association was the V10, with an aHR 1.01 (95%CI 1.00-1.02, p =
0.033), as shown in Table 3. Alcohol consumption was the only clinical
covariable significantly associated with AF events.

The AUC for prediction of AF events was 0.64 (p = 0.02) and 0.61 (p
= 0.03) for the LPV V55 and RPV V10 respectively and the optimal
thresholds for predicting AF were 2% for the LPV V55, and 54% for the
RPV V10. The RPV V10 and LPV V55 thresholds were met by 225 pa-
tients (54%) and 167 patients (40%) respectively, and 102 patients
(24%) met both.

By comparison, the AUCs for the SAN Dmax (0.61, p = 0.05) and LA
V20 (0.57, p = 0.24) were lower and not statistically significant. The 24-
month cumulative incidence of AF with PV doses above these thresholds
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Table 2
Doses delivered to the pulmonary veins by treatment planning solution.
Metric 3DCRT (IQR) IMRT (IQR) VMAT (IQR) IMRT v 3DCRT VMAT v 3DCRT p value
n=126 n =84 n =210 p value
RPV Mean (Gy) 12.9 (5.8-33.3) 21.7 (7.5-43.1) 10.2 (2.9-29.8) 0.0567 0.2696
RPV Dmax (Gy) 24.1 (12.8-57.0) 50.4 (16.6-56.9) 21.6 (6.7-56.7) 0.0642 0.3004
RPV V10 (%) 60.3 (19.7-100.0) 76.2 (32.6-100.0) 42.6 (0.0-100.0) 0.1915 0.0247
LPV Mean (Gy) 25.0 (10.4-41.8) 21.8 (10.0-41.6) 15.8 (8.0-35.0) 0.7627 0.0068
LPV Dmax (Gy) 55.2 (23.6-58.2) 51.4 (19.3-56.5) 44.1 (16.1-57.1) 0.4689 0.0159
LPV V55 (%) 0.0 (0.0-29.8) 0.0 (0.0-10.2) 0.0 (0.0-7.9) 0.0046 <0.0001

(3DCRT = three-dimensional conformal radiotherapy; IMRT = intensity modulated radiotherapy; VMAT = volumetric arc modulated therapy; RPV = right pulmonary
vein; Dmax = maximum dose; V10 = volume receiving >10 Gray; LPV = left pulmonary vein; V55 = volume receiving >55 Gray).

was 15 versus 3 events compared for below (p = 0.11), after accounting
for the competing risk of death (Fig. 2).

When adjusting for clinically relevant comorbidity, oncology and
cardiovascular covariables the survival of patients was onset of AF post-
radiotherapy was improved in patients that developed atrial fibrillation
(aHR 0.53, 95%CI 0.32-0.88, p = 0.014) (Table 4).

Discussion

Whether the incidental radiation dose to the cardiac substructures
increases the probability of subsequent AF during the treatment of
intrathoracic cancer is not currently known. In this first study examining
the PVs, the arrhythmogenic origin of AF, the radiation dose received
was associated with the onset of AF. In this NSCLC cohort, the rate of AF
was 6% and two-thirds of cases occurred within 24 months. The hazard
of AF was found to increase by 2% and 1% per percentage point increase
in the LPV V55 and RPV V10 respectively, and the associations were
statistically significant after accounting for cardiovascular factors and
the competing risk of death. The implications of these data are that
actively sparing these structures could reduce the incidence of AF, and
where this is not possible, patients identified as being at high risk of AF
could undergo active screening during follow-up. Validation of these
novel findings in external datasets would be prudent prior to
implementation.

As AF arises in the general population due to pathology localised to
the myocardial sleeve tissue of the central portion of the PVs [13], it was
postulated in this study that the established effects of fractionated, high-
dose RT on the cardiac parenchyma could be implicated in post-
radiotherapy AF. The aetiology of AF involves the autonomous initia-
tion of a depolarisation throughout the atria by a cardiomyocyte in the
PV myocardial sleeve in 95% cases [23]. Underlying this automaticity is
typically a combination of age-related autonomic nervous system
changes and cardiovascular risk factors, leading to aberrant electro-
physiology at the level of the sodium and calcium ion channels of the PV
cardiomyocytes [24]. If re-entry circuits of electrical conduction are
established, the atria contract at approximately 600 beats per minute,
instead of 70-90 beats per minute, resulting in the loss of meaningful
atrial contractions. AF can be asymptomatic, but for most patients
causes problems such as palpitation, dizziness, shortness of breath, but
can accompany other acute illnesses to worsen the severity of those
presentations, and common complications include heart failure and
stroke [23,24].

Curiously, the occurrence of AF post-treatment was associated with
improved survival in this cohort of patients, and although a survival
detriment was not anticipated, a survival benefit was surprising. One

possible explanation for this is that the medical assessment for AF might
provoke clinicians to evaluate other cardiovascular risk factors and
address these with investigations and treatments, although data on this
was not collected however. Also of note, although VMAT was associated
with better sparing of the PVs compared with 3DCRT, IMRT was not.
IMRT was the smallest planning solution subgroup, but this observation
could also be interpreted that segmenting the PVs and providing a dose
constraint, is necessary to harness the potential for cardiac substructure
dose-sparing inherent to IMRT. It was noted that patients that developed
AF had elevated rates of hypertension and non-AF arrhythmia compared
with those that did not. Hypertension was not included in multivariate
analyses for the AF endpoint as it is a ubiquitous cardiovascular risk
factor. The relevance of the non-arrhythmia diagnoses is likely to be low
as none of the 3 were atrial tachyarrhythmias.

The dose received by left anterior descending coronary artery (LAD)
has been linked to the established cardiology composite endpoint major
adverse cardiac events (MACE) [25,26] and some centres have imple-
mented LAD-sparing approaches. However, the MACE endpoint does not
include arrhythmia events, meaning the risk of RT-related arrhythmias
is possibly not addressed by this approach. Almost one half of patients
with AF are hospitalised per year [27], which is a reliable surrogate of
quality of life [7,8] and healthcare expenditure for a condition [28].
Therefore, there is an urgent need to conduct specific studies into
arrhythmia, so that the most relevant cardiac substructures can be
identified for treatment planning and post-treatment monitoring.

Although it has been demonstrated that the SAN Dmax is associated
with the onset of AF events [10], this specialised pacemaker tissue in the
lateral wall of the right atrium does not normally have a role in the
pathophysiology of AF. The SAN is located 1-2 cm anterior to the RPV,
and approximately 4 cm to the right of the LPV, and therefore it is
possible that the SAN behaves as a DVH surrogate for the PVs. The in-
vestigators did not examine the PVs in their cohort, possibly because the
first atlas for contouring these structures was published subsequent to
their study [19]. Interestingly, the PVs are also intimately related to the
cardiac base region, for which there is a emerging evidence of a capacity
for cardiotoxicity mediation [29].

Murine models of radiation cardiotoxicity have shown upregulation
of conduction-related ion channels such, as Nayl.5, and gap junction
proteins, such as Cx43 in single-fraction studies, without impacting CM
surface area and or collagen levels [30]. Other investigators have also
found focal electrical change, such as brady- and tachyarrhythmias
[31,32], as well as atrioventricular and bundle branch blocks [33], and
prolonged PR and QT intervals, premature atrial complexes and ST
segment depression [34]. Most of these latter findings were exploratory
endpoints however, rather than from dedicated experimental
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Table 3

Fine-Grey regression models for the incidence of atrial fibrillation according to
pre-specified pulmonary vein dose metrics, with adjustment for relevant car-
diovascular characteristics.

Right Pulmonary Vein Left Pulmonary Vein

aHR (95%CI) p value aHR (95%CI) p value
Volume Receiving >10 Gy

DVH 1.01 (1.00 - 1.02) 0.033 1.01 (0.99-1.02) 0.350
Age 1.03 (0.98 - 1.07) 0.210 1.02 (0.98-1.07) 0.290
Sex 1.80 (0.77 - 4.23) 0.180 1.80 (0.76-4.22) 0.180
HF 2.35 (0.64 - 8.55) 0.200 2.26 (0.61-8.37) 0.220
Alcohol

0 1.0 [reference] 1.0 [reference]

1 2.42 (1.08 - 5.42) 0.032 2.51 (1.08 - 5.84) 0.033
2 1.80 (0.40 - 8.11) 0.440 1.75 (0.39 - 7.78) 0.460
3 0.00 (0.00 - 8.11) 0.000 0.00 (0.00 - 0.00) 0.000
4 4.78 (0.98 - 23.50) 0.054 5.40 (1.10 - 26.60) 0.038
Drug 0.79 (0.31 - 2.01) 0.620 0.80 (0.32-2.01) 0.640
Chemo 1.70 (0.73 - 3.94) 0.220 1.56 (0.69-3.52) 0.280
Statin 1.11 (0.46 - 2.66) 0.840 1.03 (0.43-2.46) 0.940
CAD 2.03 (0.80 - 5.14) 0.140 2.04 (0.81-5.17) 0.130

Mean Dose

DVH 1.01 (0.99-1.03) 0.490 1.02 (1.00-1.04) 0.100
Age 1.03 (0.98-1.07) 0.280 1.03 (0.98-1.07) 0.240
Sex 1.77 (0.76-4.16) 0.190 1.76 (0.75-4.12) 0.190
HF 2.26 (0.61-8.46) 0.220 2.34 (0.64-8.59) 0.200
Alcohol

0 1.0 [reference] 1.0 [reference]

1 2.61 (1.14 - 5.97) 0.023 2.37 (1.00 - 5.59) 0.050
2 1.88 (0.42 - 8.33) 0.410 1.79 (0.40 - 7.93) 0.450
3 0.00 (0.00 - 0.00) 0.000 0.00 (0.00 - 0.00) 0.000
4 5.43 (1.09 - 26.90) 0.038 5.02 (1.02 - 24.58) 0.047
Drug 0.75 (0.29-1.96) 0.590 0.77 (0.31-1.91) 0.570
Chemo 1.47 (0.65-3.30) 0.350 1.56 (0.70-3.49) 0.270
Statin 1.06 (0.43-2.62) 0.850 1.01 (0.42-2.39) 0.990
CAD 2.09 (0.83-5.29) 0.120 2.06 (0.81-5.23) 0.130

Volume Receiving >55 Gy

DVH 1.00 (0.98-1.02) 0.840 1.02 (1.00-1.03) 0.005
Age 1.02 (0.98-1.07) 0.330 1.03 (0.98-1.07) 0.230
Sex 1.80 (0.77-4.20) 0.180 1.81 (0.80-4.09) 0.150
HF 2.27 (0.61-8.45) 0.220 2.26 (0.66-7.72) 0.140
Alcohol

0 1.0 [reference] 1.0 [reference]

1 2.62 (1.15-5.98) 0.022 2.46 (1.05 - 5.74) 0.038
2 1.87 (0.42 - 8.28) 0.410 1.77 (0.39 - 8.00) 0.460
3 0.00 (0.00 - 0.00) 0.000 0.00 (0.00 - 0.00) 0.000
4 5.32 (1.09 - 26.0) 0.039 5.16 (1.11 - 24.00) 0.036
Drug 0.78 (0.31-1.99) 0.610 0.75 (0.30-1.87) 0.530
Chemo 1.41 (0.63-3.18) 0.400 1.57 (0.70-7.72) 0.280
Statin 1.05 (0.45-2.45) 0.910 1.03 (0.44-2.41) 0.940
CAD 2.06 (0.81-5.23) 0.130 2.01 (1.63-4.91) 0.120

(aHR = adjusted hazard ratio; DVH = dose volume histogram; HF = heart
failure; CAD = coronary artery disease).

procedures, which has been recommended recently [35]. Aligning the
latency period observed in this study, the timing of arrhythmia was
typically weeks-months in these studies, indicating that radiation car-
diotoxicity events can occur earlier than previously described [36].
The conduct of clinical dosimetric toxicity studies is typically
complicated by an abundance of DVH metrics and a dearth of non-
cancer covariable data, leading to multiple testing dilemmas and un-
measured biases respectively [37]. In this study, a limited number of
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rational DVH metrics were selected for analysis in advance, and a
comprehensive range of cardiovascular details was available for
adjustment. In this study, superior and inferior PVs were segmented
together for the RPV and LPVs in order to streamline the analysis. Single
PV studies will be informative in future as ultra-central SABR is imple-
mented for select patients. While the AUC values generated during the
calculation of optimal cut-points were similar to the AUC for the LAD
V15 (0.64) and C-index for the SAN (0.66) in recent papers, and likely
reflect the multifactorial nature of AF in this cohort of patients, vali-
dation of PVs in other datasets would be prudent.

Large retrospective thoracic radiation datasets with PV structures are
required to elicit the dose-response relationship of the PVs for AF end-
points. From a radiobiology perspective, assuming AF is a deterministic
effect, sufficient dose to a single point within any of the four PVs may
result in sufficient local disruption of cardiomyocytes to cause
arrhythmogenesis, in keeping with a serial model. The safe dose
thresholds may be impacted by other risk factors for AF, such as alcohol,
which was shown in the data presented. Furthermore, the role played by
the four PVs is not equal, as suggested by the current data also. The non-
uniform dose thresholds apparent for the RPV and LPV in this analysis
are in keeping with the electrophysiological phenomenon whereby the
arrhythmogenic focus more often originates in the LPV than the RPV
[13] in the general population, although not all studies are in agreement
[19]. It is therefore rational that the LPV might have a lower dose
threshold for the development of an arrhythmogenic focus, compared
with the RPV.

The strengths of this study are the multidisciplinary nature of the
study design, the inclusion of the relevant clinical factors such as cardiac
history and drugs, the contemporary nature of RT planning, and the low
levels of cytotoxic chemotherapy, which carry an independent risk of
arrhythmogenesis. Regarding this latter point, it is possible that the
current study underestimates the relationship between PV irradiation
and new AF for centres where chemotherapy is given more frequently,
and so chemotherapy should be specifically considered in future vali-
dation studies, such as large multicenter, prospective registries. The
main limitations of this study are its retrospective nature, a lack of in-
formation on locoregional relapse which could have directly involved a
PV, and the modest number of events for multivariate analysis with the
critically relevant clinical parameters. External validation in the con-
ventional fractionation context would be beneficial for enhanced
transferability of these findings globally, and will require conversion of
the dose thresholds depending on the dose prescription to the planning
target volume. ie. LPV V63 and RPV V11 when 60 Gy/30# is planned for
an NSCLC case (heart a/p 3).

Conclusion

Dose to the pulmonary veins was associated with the onset of AF
after definitive RT in patients with NSCLC. If confirmed in other data-
sets, consideration should be given to dose-sparing of the PVs, and
proactive screening of patients after treatment where this isn’t possible.
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Fig. 2. The cumulative incidence plot for the occurrence of atrial fibrillation after radiation therapy, with adjustment for the competing risk of death, comparing
patients where either PV optimal dose cut-point was met (blue) with those where neither was met (red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 4

Fully adjusted Cox proportional hazards model for overall survival.
Patient Characteristics No Patients No Deaths Adjusted Hazard Ratio (95% CI) p value
Age 420 300 1.01 (0.99-1.00) 0.067
Gender
Female 200 131 1 [reference]
Male 220 166 1.38 (1.08-1.76) 0.010

Performance Status

0 43 25 1 [reference]

1 206 154 2.20 (1.39-3.46) <0.001
2 152 108 2.31 (1.43-3.72) <0.001
3 19 13 3.14 (1.52-6.47) 0.002
T-stage

0 18 8 1 [reference]

1 102 70 1.20 (0.55-2.61) 0.654
2 119 80 1.13 (0.52-2.46) 0.763
3 87 68 1.54 (0.70-3.37) 0.283
4 94 74 2.17 (0.99-4.75) 0.054
N-stage

0 129 94 1 [reference]

1 72 52 0.96 (0.67-1.38) 0.830
2 189 133 0.93 (0.68-1.28) 0.660
3 30 21 0.76 (0.44-1.31) 0.323
Subtype

Adenocarcinoma 139 95 1 [reference]

Squamous cell 199 150 1.08 (0.82-1.42) 0.580
Clinical 53 34 0.79 (0.50-1.25) 0.324
Other 29 21 0.79 (0.48-1.31) 0.367
Chemotherapy**

None 281 207 1 [reference]

Neoadjuvant 89 69 0.96 (0.68-1.34) 0.804
Concurrent 50 24 0.59 (0.36-0.97) 0.037
Mean Base Dose (Gy) 435 300 1.01 (0.99-1.03) 0.419
Lung V20 (%) 435 300 1.03 (1.01-1.06) 0.007
Coronary Artery Disease 107 83 1.25 (0.95-1.64) 0.111
Non-AF Arrhythmia 9 5 0.51 (0.20-1.29) 0.157
Heart Failure 41 16 1.22 (0.71-2.10) 0.470
Other Vascular History 95 75 1.42 (1.06-1.91) 0.020
Statin Therapy 282 167 0.71 (0.55-0.91) 0.07
Post-Radiotherapy AF 26 19 0.53 (0.32-0.88) 0.014
Post-Radiotherapy Locoregional Relapse 169 144 0.91 (0.70-1.18) 0.487
Post-Radiotherapy Distant Relapse 176 160 2.05 (1.57-2.67) <0.001

(V20 = volume receiving >20 Gy; AF = atrial fibrillation).



G.M. Walls et al.

Resources, Project administration, Methodology. Karl T. Butterworth:
Writing — review & editing, Supervision, Methodology. Gerard G.
Hanna: Writing — review & editing, Writing — original draft, Supervi-
sion, Resources, Project administration, Methodology, Funding
acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors wish to thank Mrs Diane Hanna for her contribution to
this work. The authors are also indebted to the Northern Ireland Cancer
Research Consumer’s Forum for their generous input at the design stage
of this project.

Funding

This data collection for this work was funded by an Irish Clinical
Academic Training Programme Fellowship (GW), which is supported by
the Wellcome Trust and the Health Research Board (Grant Number
203930/B/16/Z), the Health Service Executive National Doctors
Training and Planning and the Health and Social Care, Research and
Development Division, Northern Ireland. The lead author conducted this
analysis during a Cancer Research UK Post-doctoral Fellowship
(RCCPOB-Nov22/100010).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.radonc.2024.110085.

References

[1] Spigel DR, Faivre-Finn C, Gray JE, Vicente D, Planchard D, Paz-Ares L, et al. Five-
Year Survival Outcomes From the PACIFIC Trial: Durvalumab After
Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer. Journal of Clinical
Oncology 2022;40:1301-11.

[2] HuiR, Ozgﬁroglu M, Villegas A, Daniel D, Vicente D, Murakami S, et al. Patient-

reported outcomes with durvalumab after chemoradiotherapy in stage III,

unresectable non-small-cell lung cancer (PACIFIC): a randomised, controlled,

phase 3 study. Lancet Oncol [Internet]. 2019 Dec 1 [cited 2023 Sep 20]. 20(12).

1670-80. Available from: https://pubmed.ncbi.nlm.nih.gov/31601496/.

Bucknell NW, Belderbos J, Palma DA, Iyengar P, Samson P, Chua K, et al. Avoiding

Toxicity With Lung Radiation Therapy: An IASLC Perspective. J Thorac Oncol

[Internet]. 2022 Aug 1 [cited 2022 Oct 29]. 17(8). 961-7. Available from: https://

pubmed.ncbi.nlm.nih.gov/35649502/.

Vivekanandan S, Landau DB, Counsell N, Warren DR, Khwanda A, Rosen SD, et al.

The Impact of Cardiac Radiation Dosimetry on Survival After Radiation Therapy

for Non-Small Cell Lung Cancer. Int J Radiat Oncol Biol Phys [Internet]. 2017 Sep 1

[cited 2022 Dec 5];99(1):51-60. Available from: http://www.redjournal.org/

article/S0360301617308301 /fulltext.

[5] Chen L, Ta S, Wu W, Wang C, Zhang Q. Prognostic and Added Value of

Echocardiographic Strain for Prediction of Adverse Outcomes in Patients with

Locally Advanced Non-Small Cell Lung Cancer after Radiotherapy. Ultrasound Med

Biol [Internet]. 2019 Jan 1 [cited 2022 Dec 9];45(1):98-107. Available from:

https://pubmed.ncbi.nlm.nih.gov/30366608/.

Ferris MJ, Jiang R, Behera M, Ramalingam SS, Curran WJ, Higgins KA. Radiation

Therapy Is Associated With an Increased Incidence of Cardiac Events in Patients

with Small Cell Lung Cancer. Int J Radiat Oncol Biol Phys [Internet]. 2018 Oct 1

[cited 2023 Sep 20];102(2):383-90. Available from: https://pubmed.ncbi.nlm.nih.

gov/30191870/.

Lubberts S, Groot HJ, de Wit R, Mulder S, Witjes JA, Kerst JM, et al. Cardiovascular

Disease in Testicular Cancer Survivors: Identification of Risk Factors and Impact on

Quality of Life. J Clin Oncol [Internet]. 2023 Jul 1 [cited 2023 Jul 24];41(19):

3512-22. Available from: https://pubmed.ncbi.nlm.nih.gov/37071834/.

[8] Koop Y, Van Zadelhof N, Maas AHEM, Atsma F, El Messaoudi S, Vermeulen H.
Quality of life in breast cancer patients with cancer treatment-related cardiac
dysfunction: a qualitative study. European journal of cardiovascular nursing
[Internet]. 2022 Mar 1 [cited 2023 Jul 24];21(3):235-42. Available from: https://
pubmed.ncbi.nlm.nih.gov/34252175/.

[3

=

[4

=

[6

[}

[7

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Radiotherapy and Oncology 192 (2024) 110085

Wang K, Pearlstein KA, Patchett ND, Deal AM, Mavroidis P, Jensen BC, et al. Heart
dosimetric analysis of three types of cardiac toxicity in patients treated on dose-
escalation trials for Stage III non-small-cell lung cancer. Radiother Oncol
[Internet]. 2017 Nov 1 [cited 2022 Dec 9];125(2):293-300. Available from:
https://pubmed.ncbi.nlm.nih.gov/29050957/.

Kim KH, Oh J, Yang G, Lee J, Kim J, Gwak S yeon, et al. Association of Sinoatrial
Node Radiation Dose With Atrial Fibrillation and Mortality in Patients With Lung
Cancer. JAMA Oncol [Internet]. 2022 Sep 22 [cited 2022 Oct 28]; Available from:
https://pubmed.ncbi.nlm.nih.gov/36136325/.

E.D. Miller T. Wu G. McKinley J. Slivnick A. Guha X. Mo et al. Incident Atrial
Fibrillation and Survival Outcomes in Esophageal Cancer following Radiotherapy
Int J Radiat Oncol Biol Phys [Internet]. 2023 [cited 2023 Sep 20]; Available from:
https://pubmed.ncbi.nlm.nih.gov/37574171.

Cai G, Li C, Li J, Yang J, Li C, Sun L, et al. Cardiac Substructures Dosimetric
Predictors for Cardiac Toxicity After Definitive Radiotherapy in Esophageal
Cancer. Int J Radiat Oncol Biol Phys [Internet]. 2023 Feb 1 [cited 2023 Sep 20];
115(2):366-81. Available from: https://pubmed.ncbi.nlm.nih.gov/35973623/.
Oral H, Knight BP, Tada H, C)zaydin M, Chugh A, Hassan S, et al. Pulmonary vein
isolation for paroxysmal and persistent atrial fibrillation. Circulation [Internet].
2002 Mar 5 [cited 2023 Jul 22];105(9):1077-81. Available from: https://pubmed.
ncbi.nlm.nih.gov/11877358/.

Sohns C, Fox H, Marrouche NF, Crijns HIGM, Costard-Jaeckle A, Bergau L, et al.
Catheter Ablation in End-Stage Heart Failure with Atrial Fibrillation. N Engl J Med
[Internet]. 2023 Oct 12 [cited 2023 Oct 14];389(15). Available from: https://
pubmed.ncbi.nlm.nih.gov/37634135/.

Andrade JG, Deyell MW, Macle L, Wells GA, Bennett M, Essebag V, et al.
Progression of Atrial Fibrillation after Cryoablation or Drug Therapy. N Engl J Med
[Internet]. 2023 Jan 12 [cited 2023 Oct 14]. 388(2). 105-16. Available from:
https://pubmed.ncbi.nlm.nih.gov/36342178/.

Walls GM, O’Connor J, Harbinson M, McCarron EP, Duane F, McCann C, et al.
Association between statin therapy dose intensity and radiation cardiotoxicity in
non-small cell lung cancer: Results from the NI-HEART study. Radiother Oncol
[Internet]. 2023 Sep [cited 2023 Jul 22]. 186. 109762. Available from: https://
pubmed.ncbi.nlm.nih.gov/37348608/.

Walls GM, O’Connor J, Harbinson M, Duane F, McCann C, McKavanagh P, et al.
The association of incidental radiation dose to the heart base with overall survival
and cardiac events after curative-intent radiotherapy for non-small cell lung
cancer: results from the NI-HEART Study. Clinical Oncology 2023.

von Elm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Vandenbroucke JP. The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement: Guidelines for reporting observational studies. Annals of Internal
Medicine 2007;147:573-7.

Walls GM, McCann C, Ball P, Atkins KM, Mak RH, Bedair A, et al. A pulmonary vein
atlas for radiotherapy planning. Radiother Oncol [Internet]. 2023 Jul 1 [cited 2023
Jul 9];184. Available from: https://pubmed.ncbi.nlm.nih.gov/37105303/.

Loap P, Servois V, Dhonneur G, Kirov K, Fourquet A, Kirova Y. A Radiation Therapy
Contouring Atlas for Cardiac Conduction Node Delineation. Pract Radiat Oncol
[Internet]. 2021 Jul 1 [cited 2022 Oct 28];11(4). Available from: https://pubmed.
ncbi.nlm.nih.gov/33561549/.

Walls GM, Giacometti V, Apte A, Thor M, McCann C, Hanna GG, et al. Validation of
an established deep learning auto-segmentation tool for cardiac substructures in
4D radiotherapy planning scans. Phys Imaging Radiat Oncol [Internet]. 2022 Jul 1
[cited 2022 Oct 28];23:118-26. Available from: http://phiro.science/article/
52405631622000665/fulltext.

R Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. 2022.

Brundel BJJM, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial
fibrillation. Nat Rev Dis Primers [Internet]. 2022 Apr 7 [cited 2023 Oct 14];8(1):
21. Available from: https://pubmed.ncbi.nlm.nih.gov/35393446/.

Khan R. Identifying and understanding the role of pulmonary vein activity in atrial
fibrillation. Cardiovasc Res [Internet]. 2004 Dec 1 [cited 2023 Oct 14]1;64(3):
387-94. Available from: https://pubmed.ncbi.nlm.nih.gov/15537491/.

McKenzie E, Zhang S, Zakariaee R, Guthier C V., Hakimian B, Mirhadi A, et al. Left
Anterior Descending Coronary Artery Radiation Dose Association with All-Cause
Mortality in NRG Oncology Trial RTOG 0617. Int J Radiat Oncol Biol Phys
[Internet]. 2022 Nov [cited 2022 Nov 30];0(0). Available from: http://www.
redjournal.org/article/S0360301622035659/fulltext.

Tjong MC, Bitterman DS, Brantley K, Nohria A, Hoffmann U, Atkins KM, et al.
Major adverse cardiac event risk prediction model incorporating baseline Cardiac
disease, Hypertension, and Logarithmic Left anterior descending coronary artery
radiation dose in lung cancer (CHyLL). Radiother Oncol [Internet]. 2022 Apr 1
[cited 2022 Nov 5];169:105-13. Available from: https://pubmed.ncbi.nlm.nih.
gov/35182687/.

Meyre P, Blum S, Berger S, Aeschbacher S, Schoepfer H, Briel M, et al. Risk of
Hospital Admissions in Patients With Atrial Fibrillation: A Systematic Review and
Meta-analysis. Can J Cardiol [Internet]. 2019 Oct 1 [cited 2023 Oct 14];35(10):
1332-43. Available from: https://pubmed.ncbi.nlm.nih.gov/31492491/.

Rozen G, Hosseini SM, Kaadan MI, Biton Y, Heist EK, Vangel M, et al. Emergency
Department Visits for Atrial Fibrillation in the United States: Trends in Admission
Rates and Economic Burden From 2007 to 2014. Journal of the American Heart
Association: Cardiovascular and Cerebrovascular Disease [Internet]. 2018 Aug 8
[cited 2023 Oct 14];7(15). Available from: /pmc/articles/PMC6201465/.
McWilliam A, Khalifa J, Vasquez Osorio E, Banfill K, Abravan A, Faivre-Finn C,
et al. Novel Methodology to Investigate the Effect of Radiation Dose to Heart
Substructures on Overall Survival. Int J Radiat Oncol Biol Phys [Internet]. 2020


https://doi.org/10.1016/j.radonc.2024.110085
https://doi.org/10.1016/j.radonc.2024.110085
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0005
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0005
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0005
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0005
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0085
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0085
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0085
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0085
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0090
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0090
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0090
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0090

G.M.

[30]

[31]

[32]

[33]

[34]

Walls et al.

Nov 15 [cited 2022 Oct 28];108(4):1073-81. Available from: https://pubmed.
ncbi.nlm.nih.gov/32585334/.

Zhang DM, Navara R, Yin T, Szymanski J, Goldsztejn U, Kenkel C, et al. Cardiac
radiotherapy induces electrical conduction reprogramming in the absence of
transmural fibrosis. Nature Communications 2021;12:5558.

Dalloz F, Maingon P, Cottin Y, Briot F, Horiot JC, Rochette L. Effects of combined
irradiation and doxorubicin treatment on cardiac function and antioxidant
defenses in the rat. Free Radical Biology & Medicine 1999;26:785-800.

Bavrina AP, Monich VA, Malinovskaya SL, Yakovleva EI, Bugrova ML, Lazukin VF.
Method for Correction of Consequences of Radiation-Induced Heart Disease using
Low-Intensity Electromagnetic Emission under Experimental Conditions. Bulletin
of Experimental Biology and Medicine 2015;159:103-6.

Lauk S, Kiszel K, Buschmann J, Trott K. Radiation-induced heart disease in rats.
International Journal of Radiation Oncology, Biology, Physics 1985;11:801-8.
Cha MJ, Seo JW, Kim HJ, Kim MK, Yoon HS, Jo SW, et al. Early changes in rat heart
after high-dose irradiation: Implications for antiarrhythmic effects of cardiac
radioablation. Journal of the American Heart Association 2021;10.

[35]

[36]

[37]

Radiotherapy and Oncology 192 (2024) 110085

Walls GM, O’Kane R, Ghita M, Kuburas R, McGarry CK, Cole AJ, et al. Murine
models of radiation cardiotoxicity: A systematic review and recommendations for
future studies. Radiotherapy and Oncology [Internet]. 2022 Aug 1 [cited 2022 Oct
28]1;173:19-31. Available from: http://www.thegreenjournal.com/article/
50167814022002365/fulltext.

Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brgnnum D, et al.
Risk of ischemic heart disease in women after radiotherapy for breast cancer. N
Engl J Med [Internet]. 2013 Mar 14 [cited 2023 Aug 4];368(11):987-98. Available
from: https://pubmed.ncbi.nlm.nih.gov/23484825/.

S.G. Ellsworth P.S.N. van Rossum R. Mohan S.H. Lin C. Grassberger B. Hobbs
Declarations of Independence: How Embedded Multicollinearity Errors Affect
Dosimetric and Other Complex Analyses in Radiation Oncology Int J Radiat Oncol
Biol Phys [Internet]. 2023 [cited 2023 Sep 20]; Available from: https://pubmed.
ncbi.nlm.nih.gov/37406827/.


http://refhub.elsevier.com/S0167-8140(24)00006-9/h0150
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0150
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0150
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0155
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0155
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0155
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0160
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0160
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0160
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0160
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0165
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0165
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0170
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0170
http://refhub.elsevier.com/S0167-8140(24)00006-9/h0170

	Pulmonary vein dose and risk of atrial fibrillation in patients with non-small cell lung cancer following definitive radiot ...
	Methods and materials
	Patients and treatment
	Baseline cardiac profiles
	DVH metrics
	Statistical analyses

	Results
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Funding
	Appendix A Supplementary data
	References


