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Background and Purpose: Cardiac arrhythmia is a recognised potential complication of thoracic radiother-
apy, but the responsible cardiac substructures for arrhythmogenesis have not been identified.
Arrhythmogenic tissue is commonly located in the pulmonary veins (PVs) of cardiology patients with
arrhythmia, however these structures are not currently considered organs-at-risk during radiotherapy
planning. A standardised approach to their delineation was developed and evaluated.
Materials and Methods: The gross and radiological anatomy relevant to atrial fibrillation was derived from
cardiology and radiology literature by a multidisciplinary team. A region of interest and contouring
instructions for radiotherapy computed tomography scans were iteratively developed and subsequently
evaluated. Radiation oncologists (n = 5) and radiation technologists (n = 2) contoured the PVs on the four-
dimensional planning datasets of five patients with locally advanced lung cancer treated with 1.8-
2.75 Gy fractions. Contours were compared to reference contours agreed by the researchers using geo-
metric and dosimetric parameters.
Results: The mean dose to the PVs was 35% prescription dose. Geometric and dosimetric similarity of the
observer contours with reference contours was fair, with an overall mean Dice of 0.80 + 0.02. The right
superior PV (mean DSC 0.83 + 0.02) had better overlap than the left (mean DSC 0.80 + 0.03), but the infe-
rior PVs were equivalent (mean DSC of 0.78). The mean difference in mean dose was 0.79 Gy + 0.71 (1.
46% + 1.25).
Conclusion: A PV atlas with multidisciplinary approval led to reproducible delineation for radiotherapy
planning, supporting the utility of the atlas in future clinical radiotherapy cardiotoxicity research encom-
passing arrhythmia endpoints.
© 2023 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 184 (2023) 1-9 This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords:

Radiation cardiotoxicity
Pulmonary veins

Lung cancer
Cardio-oncology

Atrial fibrillation
Oesophageal cancer

Arrhythmia has been recognised as a potential adverse effect of
incidental cardiac irradiation during treatment of intrathoracic
tumors, such as lung and oesophageal cancer (1-6). Counter to
the body of literature that posits cardiotoxicity as a late radiation
effect, the latency period for developing arrhythmia in 10% of
patients can be shorter than 6 months (2). The most common
rhythm disturbance presenting to general cardio-oncology clinics
are the atrial tachyarrhythmias, such as atrial fibrillation (AF),
where the cardiac cycle is irregular and accelerated (7). Lung and

* Corresponding author at: Patrick G Johnston Centre for Cancer Research,
Queen’s University Belfast, Lisburn Road, Belfast BT9 7AB, UK.
E-mail address: g.walls@qub.ac.uk (G.M Walls).
T these authors contributed equally.

https://doi.org/10.1016/j.radonc.2023.109680
0167-8140/© 2023 The Authors. Published by Elsevier B.V.

oesophageal cancer are most commonly associated with AF, due
to elevated rates of baseline cardiovascular disease, and the com-
plex surgery involved for select cases (8-10).

The aetiology of AF commonly involves abnormal heart muscle
where the pulmonary veins (PVs) join the left atrium (LA) (11,12).
The PVs are tubular structures whose primary function is to pro-
vide passageway for newly oxygenated blood back from the lungs
to the heart. The myocardial sleeve is a short and thin extension of
atrial cardiac muscle embedded in the wall of the adjoining prox-
imal PV (13,14). In AF, damaged tissue within the myocardial
sleeve causes altered propagation of electrical potentials locally
leading to abnormal conduction throughout both atria, and subse-
quently is transmitted to the ventricles.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2023.109680&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.radonc.2023.109680
http://creativecommons.org/licenses/by/4.0/
mailto:g.walls@qub.ac.uk
https://doi.org/10.1016/j.radonc.2023.109680
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com

The pulmonary vein atlas

As radiotherapy is known to cause fibrosis of the cardiac struc-
tures, it is plausible that incidental dose deposited in the myocar-
dial sleeves of the PVs during radical thoracic treatment may
explain high rates of new arrhythmia during follow-up (15). A radi-
ation dose response not been established for the PVs however, and
these vessels have not been included in published cardiac atlas’ to
date (16-20). A standardised definition for delineation of the PVs
will be important for investigators seeking to establish safe dose
constraints for these structures. In this study, a multidisciplinary
group was formed with the aim of producing recommendations
on how the PVs should be contoured by researchers exploring
methods of reducing cardiotoxicity in patients undergoing thoracic
irradiation.

Materials & methods

Atlas development

A multidisciplinary group of clinicians consisting of a clinical
oncologist (GW), a cardiologist (CM) and a thoracic radiologist
(PB) was formed with the goal of devising guidance for delineation
of the PVs on radiotherapy planning computed tomography (CT).
The impetus for this work arose from the observation of a high rate
of AF following curative-intent radiotherapy amongst lung cancer
cases. AF is common in populations with cardiovascular risk fac-
tors, and as a secondary phenomenon due to physiological stresses,
including common complications of cancer treatment such as sep-
sis, however the potential role of the PVs has not been examined.
As abnormal tissue at the PV junction with the LA is the target
for electrophysiology cardiologists that deliver radiofrequency
ablation for refractory AF, it is plausible that radiation-related tis-
sue changes at this region are implicated in the development of AF.
The LA-junction region of the PV is relevant specifically as the
myocardial tissue of the atrial wall blends with the vascular tissue
of the adjoining vein and is susceptible to arrhythmogenic patho-
physiology, known as the myocardial sleeve. Therefore, the
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myocardial sleeve portion of the PVs behave as the organs-at-risk
(OARs), although they are referred to as the pulmonary veins
throughout as these are what are visible on CT.

Peer-reviewed articles detailing the cardiac histology, radiology
and pathophysiology relevant to AF were discussed by the group to
develop core principles for the atlas. A step-by-step contouring
guideline was then derived based on these discussions, and subse-
quently modified based on written feedback from external peer
review by two radiation oncologists with significant experience
in cardiac contouring (KA, RM). Finally, the accessibility of the atlas
was independently assessed by two clinical oncologists from two
separate cancer centres (AB, JOH) hitherto uninvolved with the
project. In designing a pragmatic atlas for delineation of the PVs
it is hoped that the relationship of dose to these structures and
the onset of AF after thoracic radiotherapy can be systemically
investigated in large numbers of patients by multiple centres. Con-
firmation of this association would provide the stimulus for devel-
oping safe dose constraints to minimise the risk of AF after thoracic
radiotherapy treatment.

Atlas description

The pulmonary veins join the left atrium (LA) posterolaterally at
oblique angles, as shown in Fig. 1. In normal anatomy there are two
right-sided and two left-sided veins; a superior vein and an inferior
vein. Away from the heart, the two superior veins course anteri-
orly, where the two inferior veins course posteriorly. The superior
and inferior veins can have a region in common prior to where they
join the LA, more frequently observed on the left side. Each of the
four PVs have distinct geometric features, and there is also large
intra-patient variation in anatomical vein shape and size. Further-
more, other anomalies such as the presence of a unilateral addi-
tional vein, are not uncommon.

As the course of the anatomical veins is non-uniform and lar-
gely in the coronal plane, their shape on axial imaging can vary
considerably, ranging from circular, to ovoid, rectangular, sinu-
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Pulmonary Vein
Right Inferior
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Fig. 1. Three-dimensional re-construction of the anatomy of the pulmonary veins and left atrium from the posterior perspective (LA = left atrium).
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Fig. 2. Anatomy of the pulmonary veins on cardiac-gated contrast-enhanced computed tomography, viewed in a coronal oblique plane in a cardiology patient, moving from
anterior (A) to posterior (J), with a central cartoon demonstrating the plane of view. Left atrium; 2. Right superior pulmonary vein; 3. Left superior pulmonary vein; 4. Right inferior
pulmonary vein; 5. Left inferior pulmonary vein; 6. Right main pulmonary artery; 7. Left main pulmonary artery; 8. Descending aorta).

soidal and elliptical, as shown in Fig. 2. The use of software inter-
polation tools on treatment planning is not beneficial, given the
considerable change in geometry between adjacent slices. Simi-
larly, while the coronal and sagittal planes can be exploited for
additional perspective when resolving difficult soft tissue bound-
aries on the axial plane, as the PVs are positioned obliquely, these
planes of view are not always additive.

Region of interest derivation

Given that the myocardial sleeve tissue responsible for generat-
ing AF is a short ‘central’ portion of the vein, this was identified as
the region of interest (ROI) for treatment planning purposes.

Whilst the average length of the anatomical pulmonary vein is
up to 45 mm, the length of the vein that contains myocardial sleeve
is constrained to the 20-25 mm central aspect of the vein, adjacent
to the LA. The mid-point of this range (i.e. 23 mm) was therefore
taken forward as a pragmatic PV-ROI length. In terms of the PV-
ROI width, both the vein wall and the vein lumen are included,
which radiologically has a diameter of 11 mm (see Fig. 2). The
anatomical veins approach the LA at an angle of ~ 25° to the hori-
zon, giving a maximum total superior-inferior height on axial CT of
21 mm approximately (10 mm as per Supplementary Fig. 1, plus
11 mm for vein diameter). It is recommended that the most supe-
rior/inferior ‘edge’ of a PV-ROI, where the lumen has partially
merged with the LA, is contoured. These are often discernible by
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Left Superior
Pulmonary Vein

Table 1
Cranio-caudal limits of the pulmonary veins on four-dimensional computed tomography radiotherapy plans, assuming 2.5 mm slice thickness.
Right Superior
Pulmonary Vein
(RSPV)

Typically joins from the superolateral direction to the LA lateral wall.

(LSPV)
Typically joins from superolateral direction to the LA ‘roof.

Superior One slice above the highest slice where the RSPV is in contact with the LA
Inferior ~ The lowest slice where the outline of the vein can be distinguished from the
LA.
Right Inferior
Pulmonary Vein
(RIPV)
Typically joins from inferolateral direction to the LA lateral wall.
Superior The highest slice where the RIPV outline can be distinguished from the LA.
Inferior ~ One slice below the lowest slice where the RIPV is first in contact with the LA.

Approximately 7 slices above the inferior limit.
The lowest slice where the (elongated) oval shape of the vein is distinct.

Left Inferior
Pulmonary Vein
(LIPV)

Typically joins from the inferolateral direction to the posterolateral LA wall.
The highest slice where the LIPV outline can be distinguished from the LA.
One slice below the lowest slice where the LIPV is first in contact with the
LA.

their protuberance and/or the altered attenuation of the intralumi-
nal blood in contrast-enhanced studies.

Segmentation guidance

Prior to beginning PV segmentation, the wall and blood pool of
the LA should be contoured without the auricle, according to the
Milo atlas (18), resulting in an oval-shaped LA structure. A ‘halo’
structure should be created by duplicating the LA and growing this
by a 23 mm margin isotropically, which will serve as a guide for
the maximum PV-ROI length peripherally. A 5 mm roller-ball
should be used to encompass all visible PV on axial slices within
the halo, excluding small branches of a diameter less than the
roller-ball. Accessory veins within the confines of the cranio-
caudal limits outlined should be contoured if they are visible
on > 3 consecutive slices. Larger third (and fourth) veins should
be included in either the superior or inferior structure, whichever
they are most proximal to. It is recommended that ‘mediastinal’
window settings are utilised in the first instance (i.e. window
width 350 HU, window level 50 HU), but others are acceptable
depending on the presence and timing of intravenous contrast
media.

The PV-ROI are contoured over approximately 21 mm cranio-
caudally (e.g. eight axial CT slices at 2.5 mm thickness). If this
height has not been contoured after following the vein-specific
guidance in Table 1, the peripheral PV-ROI should be extended
until 21 mm are reached, where possible. The use of less axial
slices may be necessary due to early bifurcation into tiny or invis-
ible branches, or because a vein courses towards the horizon
peripherally. As it is important to encompass the PV-ROIs on all
slices where it is contact with the LA, the use of more than eight
slices (i.e. of 2.5 mm thickness) is also permitted.

In the event of the superior and inferior veins having a common
region where they join the LA, the course of the two veins periph-
erally may guide where the boundary of the superior and inferior
structures is placed. Finally, PV-ROIs should then be cropped out-
side the halo structure, and inside the LA structure, as shown in
Fig. 3. An example of a contrast-enhanced case and an unenhanced
case can be found as Supplementary Files.

Radiotherapy treatment plans

The datasets of five patients with locally advanced lung cancer
receiving radiotherapy recently at our centre were randomly cho-
sen for atlas evaluation. Patients were immobilised in the supine
position using a knee rest and thorax board, with arms above their
head holding a T-bar. Scans were completed during quiet respira-
tory motion using the Varian RPM system (Varian Medical Sys-
tems, Palo Alto, CA, USA) and the GE Advantage Sim 4D

application (GE Medical Systems, Milwaukee, WI, USA). Ten phase
bins were created in order to generate an average image intensity
projection of the four-dimensional radiotherapy planning scan
(4D-AVE), which was used for atlas evaluation. CT images at
2.5 mm slice thickness were acquired from the cricoid to the sec-
ond lumbar vertebra with intravenous contrast when possible. Vol-
umetric modulated arc therapy (VMAT) treatment plans were
calculated using the Varian AAA 13.6.23 algorithm on the Varian
Eclipse treatment planning system and are illustrated in Fig. 4.
The dose prescriptions used in this cohort were 55 Gy in 20 frac-
tions over four weeks, or 72 Gy in 40 fractions over 8 weeks.

Atlas evaluation

To formally assess the suitability of the proposed atlas, five clin-
ical oncologists (JM, CH, GH, CC, KT) and two radiation technolo-
gists (SB, CN) without any prior experience or training in
contouring the PVs were invited to demonstrate the atlas on the
five clinical cases. The two example cases mentioned above were
provided along with the atlas. Locally advanced lung cancer cases
were selected from a local database on the basis of having signifi-
cant lymphadenopathy and therefore considerable incidental dose
coverage of at least one PV. Patients with pulmonary vein invasion
were excluded. Patient, tumor and radiotherapy characteristics are
available in Supplementary Table 1. The 4D-AVE was used for all
segmentations, and an auto-segmented LA contour based was pro-
vided for the observers, which they were permitted to modify. The
LA structure was an autosegmentation using the Haq tool (21),
which is based on the Feng definitions (16), aligning with how con-
temporary treatment planning workflows are commonly furnished
with automated tools for organs at risk including the cardiac sub-
structures (22). Geometric and dosimetric comparisons of the
observer structures were then made with reference structures pre-
viously jointly created by GW, CM and PB, using a range of metrics
as per recommendations for inter-observer variation studies
(23,24). Difference in volume (VD), centroid shift (CS), Dice similar-
ity coefficient (DSC), and mean Hausdorff distance (HDM) were cal-
culated using Slicer-RT (PerkLab, Ontario, Canada) (25). Whilst
there is a lack of consensus on the optimal values for these metrics
(23,24), a higher DSC (particularly > 0.80) and lower VD, CS, HDM
equate to better contour concordance (23,24). The dose metrics
analysed were mean dose (MD) and maximum dose to 0.5 cc
(Dmax) as per Eclipse calculations.

Statistical analysis

Following data collection, statistics were calculated using Prism
v8.3.0 (GraphPad Software, San Diego, California, USA). Mean and
standard deviations are displayed and were used for significance
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Fig. 3. Representative pulmonary vein anatomy of the left atrium (light blue) and the halo (dark blue) on an unenhanced axial CT slice, demonstrating how the right superior
pulmonary vein is cropped by the halo peripherally and the right inferior vein is cropped centrally by the LA (green = right superior pulmonary vein; yellow = right inferior
pulmonary vein; orange = left superior pulmonary vein; purple = left inferior pulmonary vein).

Fig. 4. Representative coronal average image projection slices from the four-dimensional computed tomography radiotherapy plans of the five included patients including
pulmonary vein delineations (highlighted with white arrows) and the radiation dose distribution overlaid (RS = right superior pulmonary vein; RI = right inferior pulmonary

vein; LS = left superior pulmonary vein; LI = left inferior pulmonary vein).

testing with t tests, as most data were normally distributed accord-
ing to the Shapiro-Wilk test. Correlation between metrics was
assessed with Pearson’s coefficient. Exploratory analyses of the
impact of relevant clinical factors included significance testing
with the F statistic from repeated measures 2-way ANOVA (Sup-
plementary Tables 2-4).

Results

Overall, the PVs were found to be small structures of mean vol-
ume 4.2 cc = 1.5 in the reference contours. The superior PVs were
consistently larger than the inferior PVs and the left-sided PVs
were consistently larger than the right PVs, as shown in Supple-
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mentary Table 5. The mean MD to the PVs was 35.0% + 25 of the
prescription dose in the five locally advanced NSCLC cases tested,
and the mean Dmax was 61% + 37 (see Supplementary Table 5).

Contour overlap with the reference structures was fair overall,
with a mean DSC 0.80 + 0.02 across all PVs. The RSPV (mean DSC
0.83 £ 0.02) had better overlap than the LSPV (mean DSC 0.80 + 0.
03), but the inferior PVs were equivalent, both having a mean DSC
of 0.78, as shown in Fig. 5A. Similarly, VD (mean 0.46 cc = 0.19
(16%)) and centroid shifts (2.5 mm) were small overall, with the
worst performance being for the LIPV (0.57 cc + 0.62, 2.9 mm % 0.
88), and the best for the RIPV (0.17 cc + 0.40, 2.57 mm * 0.71) (see
Fig. 5B-C).

The mean magnitude of directional shifts was 1.8 mm and shifts
in the right-left axis were equally balanced in direction. Shifts in
the cranio-caudal and dorso-ventral axes were in the one direction
only however (posterior and superior respectively). HDM values
were also low generally (see Fig. 5D), and the RSPV delineation
was the most optimal according to this metric (HDM 0.97 mm = O.
14). Consistent trends were apparent across multiple PVs for the
same observer for some geometric parameters (e.g. centroid shift
for A).

Differences in MD and Dmax between the observer and refer-
ence structures were generally very low (overall mean MD differ-
ence 0.79 Gy + 0.71 (1.46% +1.25); overall mean Dmax difference
0.28 Gy + 1.36 (0.58% +2.41). The lowest dose differences were
exhibited for RIPV, with a mean MD difference of —0.23 Gy + 0.2
8 and mean Dmax difference of —0.65 Gy * 1.08. The highest differ-
ence for MD was for the LSPV (1.43 Gy + 0.64) and for Dmax, the
LIPV (Dmax 2.05 Gy * 3.05), as shown in Fig. 5E-F. There was a
trend for larger dose differences corresponding with larger volume
differences for a very limited number of particular observers on
specific PVs (e.g. LIPV for B and @ observers). There was little cor-
relation between DSC and dose differences however, as shown in
Supplementary Table 6.

Discussion

In this study, a guide for contouring the PVs on RT planning
scans was developed via the combined clinical expertise of radiol-
ogy, cardiology and oncology. Whilst radiation oncologists exercise
caution in thoracic cases with implanted cardiac devices and
increasingly seek to reduce mean heart dose, incidental dose
received by the PVs is not given specific consideration during treat-
ment planning. As multiple retrospective studies have noted an
elevated risk of arrhythmia following thoracic radiotherapy (1-
6), dedicated substructure dosimetry studies with a standardised
approach to PV definition, are urgently indicated.

The presented PV atlas led to consistent contours when
applied by seven observers to five locally advanced lung cancer
cases, as evidenced by high geometric similarity and low dosimet-
ric differences compared to reference structures. The PVs were
each contoured with similar degrees of success, with no agree-
ment found between the geometric parameters regarding the best
performing PV. Interestingly, in exploratory analyses for which
the study was not specifically powered, atlas performance was
not significantly impacted by the absence of intravenous contrast,
or the presence of complex anatomical variations (Supplemen-
tary File).

PV delineation can be challenging as the four PVs have distinct
morphologies, lack definitive boundaries with the LA, exhibit high
degrees of inter-patient anatomical variation and are subject to
motion artefact from cardiorespiratory movement. It would not
be possible to encompass all of these factors in a user-friendly
atlas, but the guidance presented provides basic principles. Obser-
ver accuracy metrics compared favourably to the other atlases in

the cardiac substructure field (16-20). For example, the mean DSCs
reported by Socha et al for a cardiac valve atlas ranged between
0.45 and 0.69, and HDMs were > 2 mm (20), whereas in this study,
mean DSCs ranged between 0.78 and 0.83, and HDMs < 1.1 mm. As
such atlas validation studies typically demonstrate lower concor-
dance for small structures (16,17), the results presented are better
than anticipated.

In alignment with the geometric parameters, the mean dose dif-
ferences between observers and the reference contours were small,
0.79 Gy for mean dose and 0.28 Gy for Dmax. These are better than
previous coronary artery atlas development studies (16). Poor cor-
relation was observed between DSC and the dose differences may
be explained by high-dose region edges occurring near the PVs due
to the presence of mediastinal lymph nodes proximal to the supe-
rior heart (Fig. 4).

Ultimately, given their geometric complexity, the PV structures
may be best generated by automated means in the future, as the
performance of auto-segmentation algorithms improve (26). The
atlas presented could play an important role in building the train-
ing datasets with the manual structures required for the develop-
ment of such algorithms. In the interim, exploratory analyses on
this dataset suggest the atlas is accessible to both clinicians and
non-clinical staff, which is important as radiotherapy teams diver-
sify and delegate specialised skills such as contouring to non-
medical roles (27).

Large retrospective thoracic radiation datasets with PV struc-
tures are required to elicit the tolerance of the PVs for arrhythmia
endpoints. Adherence to a uniform contouring atlas, or high-
performing algorithm, for the PVs will conceivably enable
researchers to clinically determine the other radiobiological char-
acteristics of the PVs too, such as the tissue organisation model.
Individual PVs may be classified as mixed ‘serial’-‘parallel’ organs,
since multiple ‘chains’ of cardiomyocytes in the myocardial sleeve
ordinarily act to rapidly conduct electric potentials simultaneously.
Alternatively, as a high maximum dose to a single point within any
of the four PVs could theoretically result in sufficient focal myofib-
ril disorganisation or interstitial fibrosis to form an arrhythmo-
genic substrate, a ‘serial’ model is perhaps more appropriate
overall.

Of note, the four PVs are not equally accountable for the burden
of AF presenting to the general cardiology department (28). A com-
plete consensus is lacking but clinical electrophysiology studies
suggest that the superior PVs more commonly contain arrhythmo-
genic tissue, and that the right PVs are more commonly implicated
also. Whether this association remains true in the setting of radio-
therapy should be factored into the design of future radiation
oncology studies. Separate analyses of bilateral (i.e. RSPV + LSPV,
RIPV + LIPV) and unilateral (i.e. RSPV + RIPV, LSPV + LIPV) combi-
nations of PVs, as well as individual structures, and a composite,
‘all_PVs’ volume are warranted. Single PV studies may also be
informative, both from an academic perspective, and clinically,
given the ultracentral SABR is likely to be offered to select patients
with lung tumours in the future.

Recent data report that dose to the sino-atrial node (SAN) and
atrial chambers are associated with AF (29). The SAN is a region
of right atrial wall myocardium that is responsible for initiating
each cardiac depolarisation. An atlas for contouring this structure
and the related atrioventricular node, for which there is no clinical
data at present, was published recently (19). However given that
the vast majority of AF ectopic foci originate in the PVs, which
are located close to the atria and SAN, future studies should com-
pare their relative dosimetric impact.

Crucially, in applying the presented atlas to interrogate the rela-
tionship between PV dose-volume metrics and arrhythmia out-
comes, the inclusion of relevant clinical factors such as cardiac
history, cardiovascular drugs and atrial dimensions has merit also
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(30), as AF is common in patients without cancer and those receiv-
ing extrathoracic radiotherapy (31).

The strengths of this study include the multi-faceted and mul-
tidisciplinary nature of the atlas’ development, the use of contem-
porary radiotherapy plans for evaluation, and the inclusion of an
interdisciplinary assessment. The study was designed using the
principles and framework laid out by Vinod and colleagues (23).
The main limitations of this study are the relatively small number
of radiotherapy datasets and observers that testing was under-
taken with, although these commensurate with other cardiac atlas
development studies. In particular, small sample size restricts the
interpretation of the exploratory analyses.

Aligning with the international effort to refine stereotactic abla-
tive radiotherapy (SABR) as a treatment for tachycardia arising
from the cardiac ventricles, recent pre-clinical research has
demonstrated the application of SABR as a treatment for AF (32—
34). In cardiology, intentional induction of widespread fibrosis at
the PV-LA boundaries with invasive radiofrequency ablation to
electrically isolate aberrant tissue in PVs is the current standard-
of-care for refractory AF, for a select population. A feasibility study
using SABR to treat AF suggested this approach is effective and safe
(35). As arrhythmogenic foci are commonly found at multiple PV-
LA junctions in AF, invasive radiofrequency ablations typically
involve the entire PV region, which has been shown to be feasible
with SABR fields in a multimodality planning study (36). A phase II
clinical trial testing uniform treatment to all four PV regions has
recently launched and will provide preliminary safety and efficacy
signals (37). The dimensions and limits of the PV targets for AF
SABR treatments have not been defined in any of the clinical or
pre-clinical literature to date, therefore this atlas may inform
future cardiac SABR research also.

Ultimately, clinical dosimetric studies of consistently contoured
PVs could facilitate the derivation of safe dose thresholds below
which radiotherapy-related arrythmia is unlikely in thoracic treat-
ment. Furthermore, the atlas outlined may also have research
applications in the evolving field of SABR for cardiac arrhythmia,
in providing guidance for uniform targeting of the PVs.

Conclusion

Recommendations for consistent delineation of the PVs were
prepared by a multidisciplinary group of clinicians based on the
available histological and radiological literature and integrated
clinical expertise. This atlas should serve as a basis for standardised
radiotherapy PV dosimetry studies examining arrhythmia
endpoints.
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