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Abstract

This clinical consensus document proposes standardized atrial segments for 3D imaging, electroanatomical mapping and compu-
tational modelling, based on anatomical, electrophysiological and clinical considerations, with precise definitions of regional bor-
ders allowing for reproducible and automated regionalization. 3D imaging and high-resolution electroanatomical mapping have
become an integral part of cardiac electrophysiology and the management of patients with arrhythmias. However, to perform
regional quantitative analyses and intra- and inter-individual, as well as cross-modality comparisons, a universal definition of atrial
regions and their boundaries is required. While for the left ventricle there is already an established standardized regionalization
(AHA 17-segment model), there is no such consensus for the atria. In a multi-disciplinary writing group consisting of cardiologists,
cardiac electrophysiologists, cardiovascular imaging specialists, and anatomists as well as specialists in computational cardiac mod-
elling from European Heart Rhythm Association and European Association of Cardiovascular Imaging, a standardized regional-
ization based on a 15-segment bi-atrial model was elaborated. This clinical consensus document will enable consistent regional
analyses and homogeneous data acquisition across different centres and modalities, and may thus have a significant impact on atrial
arrhythmia research and personalized treatment approaches based on individual arrhythmia patterns and phenotypes.
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allows for accurate regional characterization of morphological and elec-
trophysiological properties.”'® To perform regional quantitative ana-
lyses, however, as well as intra- and inter-individual and cross-modality
comparisons, a universal definition of atrial regions and their boundaries
is required. Such universal definition will foster consistent regional ana-
lyses and promote homogeneous data acquisition across different cen-
tres and modalities. This will in turn facilitate the employment of digital
health- and artificial intelligence-based approaches."’

While a standardized regionalization of the left ventricle has been
produced by the American Heart Association in their 17-segment mod-
el, which is widely accepted and routinely applied, there is no such con-
sensus for segmentation of the atrial chambers.'? The regionalizations
previously described in the literature for the atrial chambers did not aim
for universal applicability, but were rather created to accommodate the
distinct demands of the specific analysis.”i16 Moreover, the existing de-
finitions for the atrial regions are not sufficiently precise to allow for re-
producible regionaliza‘cion.wf19

Scope of the document

This clinical consensus statement is a joint effort from the European
Heart Rhythm Association (EHRA) and the European Association of
Cardiovascular Imaging (EACVI) of the European Society of
Cardiology (ESC) based on an initiative of the European Union—
Marie Sktodowska-Curie Actions Doctoral Network ‘PersonalizeAF'.
It aims to segment atrial regions in a consistent manner across imaging,
electroanatomical mapping and computational modelling techniques,
defining their borders with sufficient precision to permit reproducible
and automated regionalization. Recognizing the current limitations in
spatial resolution provided by existing clinical modalities, the proposed
model has been designed to balance the evident trade-off between uni-
versal applicability on the one hand, and anatomical accuracy on the
other hand.

Methods

European Society of Cardiology scientific

document policy

The clinical consensus statement was approved by the ESC Scientific
Document Committee and the ESC Clinical Practice Guidelines Chair.*

Writing committee

The EHRA, as the leading association, nominated the chair of the document.
The writing committee was defined based on a list of representatives put
forward by each of the two associations involved (EHRA and EACVI). It
consisted of a multi-disciplinary group of cardiologists, cardiac electrophy-
siologists, cardiovascular imaging specialists, and anatomists as well as spe-
cialists in computational cardiac modelling.

All members provided disclosure statements to assess potential conflicts
of interest.

General approach

Existing evidence was evaluated based on a comprehensive literature search
in Medline (via PubMed), in accordance with applicable guidelines.®?'
Subsequently, the writing group held face-to-face meetings and web-based
conference calls to establish standardized atrial regions which can be univer-
sally linked to 3D atrial geometries as derived from imaging, electroanato-
mical mapping, or computational modelling. The regions were defined
based on anatomical, electrophysiological, and clinical considerations, taking
into account the limitations in spatial resolution of some of the modalities.
Definitions of the borders had to be sufficiently precise to enable reprodu-
cible and automated regionalization. Universal applicability and reproduci-
bility of the proposed regions was validated in an unbiased manner using
two independent software algorithms for automatic regionalization, which
were developed by members of the writing group.?>**

The degree of agreement among the co-authors was evaluated for each
of the 15 atrial segments in a survey. During voting, each member had the
option to agree, disagree, or abstain. Modifications were made based on
raised comments. The final approval rate was 100% for each of the pro-
posed regions without any abstentions.

Auxiliary points and planes

Depending on the modality used for imaging or mapping, the spatial reso-
lution may not be sufficient to define all atrial segments based exclusively
on anatomical landmarks or morphological features. Thus, wherever ad-
equate anatomical landmarks were lacking, auxiliary points and planes
were created to help define regional borders. These points and planes
may appear somewhat arbitrary. They were introduced to permit auto-
mated regionalization and reproducible definition of the selected atrial seg-
ments, thus promoting the required standardization and universal
applicability.

Standardized axes and nomenclature

Standardized axes and their corresponding projections, as well as universal-
ly acceptable terminology are required to ensure precise and reproducible
regional definitions. The definitions and terminology suggested for the pro-
posed model are based on the attitudinal body axes as well as the cardiac
axes, and they are in accordance with the Consensus Statement from the
Cardiac Nomenclature Study Group of the ESC (Figure 1).2*28

Attitudinal body axes

Attitudinal body axes are based on trans-axial or body-plane orthogonal
projections and define planes and axes that are parallel or at right angles
to the longitudinal axis of the body. These projections imply standard dir-
ectional terms based on the orientation of the human body, such as anterior
or ventral as opposed to posterior or dorsal, and superior or cranial as op-
posed to inferior or caudal (Figure 1A).

Cardiac axis

While the attitudinally appropriate planes and their projections permit the
cardiac components to be described during life as they are assessed within
the body, definitions based on the axis of the heart itself can be more ap-
propriate when assessing certain atrial components and regions. Our mod-
el, therefore, also uses as an additional reference the longitudinal axis of the
heart, from its base to its apex, which is orthogonal to the planes of the mi-
tral and tricuspid valves (Figure 1B). The American Heart Association
Scientific Statement on Standardized Myocardial Segmentation and
Nomenclature for Tomographic Imaging of the Heart also defines the car-
diac segments using the cardiac long axis and its corresponding orthogonal
planes.™

The atrial septum, furthermore, is aligned along the cardiac long axis (see
the directional indicator in Figure 1B). This means it is ideally suited not only
to distinguish apical as opposed to basal directions in the Ion%itudinal planes,
but also septal and lateral directions in the short axis planes.”” The right an-
terior oblique fluoroscopic projection, which represents an antero-
posterior projection rotated around the longitudinal body axis by 30° to
45°, essentially corresponds with the cardiac long axis.

Clock model

In addition to our use of auxiliary points and planes based on standardized
axes, we also use a clock model to facilitate the definition of distinct features
of the left and right atrioventricular junction (Figure 2). We defined the
model using an anterior view of the plane containing the left and right atrio-
ventricular junctions, representing the junctions as perfect circles. This
plane is orthogonal to the long cardiac axis, which as we have explained cor-
responds to a left anterior oblique fluoroscopic projection when rotated
through between 45° and 60° around the longitudinal body axis. When
using the model, the superior 12 o’clock and inferior 6 o'clock positions
are marked by a vertical mid-line taken through the centre of the valvular
orifices. More precisely, the vertical 12 o’clock vector is defined as the or-
thogonal projection of the longitudinal body axis (pointing upwards) onto
the plane of the left and right atrioventricular junction, respectively. The
12 o'clock and 6 o’clock positions then correspond with 0° and 180° rela-
tive to the circle, with every hour representing 30°."°
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Figure 1 Standard axes and planes. (A) Body axes and corresponding planes. Directions are indicated according to the standard attitudinal termin-
ology, with anterior, posterior, superior, inferior, left and right corresponding to ventral, dorsal, cranial, caudal, left and right direction, respectively.
(B) Cardiac axis and corresponding planes. The cardiac axis is defined by the line connecting the aortic root and cardiac apex. The cardiac axis indicates

the apical and basal direction, respectively.

Geodesics

So as to define regional boundaries themselves insufficiently defined by de-
tectable anatomical features, and to ensure reproducibility and standardiza-
tion, we have used the concept of geodesics. A geodesic represents the
shortest path on the atrial surface between two defined points, irrespective
of whether the points themselves represent known anatomical landmarks
or auxiliary entities.

Specific structures

When defining the atrial segments, we have not recognized known anatom-
ical entities of functional or electrophysiological relevance, such as
Bachmann’s bundle, the oval fossa or the Eustachian valve. If required,
and if their location can accurately be determined using clinical modalities,
their locations can be superimposed onto the regions we have defined.

Background—development and
gross anatomy of the atrial
chambers

Developmental considerations

Thanks to our recent advances in the understanding of cardiac develop-
ment in the human heart, we are now able to recognize the various
components that join together during the embryonic and foetal periods
to produce the definitive atrial chambers (Figure 3).>° These findings, in
turn, permit us to recognize the anatomically discrete areas within the
post-natal organ.

An atrial component of the developing heart can be recognized dur-
ing the initial stages of, looping of the primary heart tube. This primary
component becomes the bodies of both atrial chambers, albeit with the

larger part committed to the left atrium (Figure 3). A process of so-
called ‘ballooning’ then forms the atrial appendages. The walls of these
new components are made up of chamber myocardium, although even-
tually all of the cardiomyocytes within the atrial walls, apart from those
forming the sinus and atrioventricular nodes, become working cells.
The transfer of the developing systemic venous sinus, or ‘sinus venosus’,
to the right side of the primary atrial component reflects the develop-
ment of anastomotic channels such that the venous returns from the
placenta, yolk sac, and the embryo itself, initially symmetrical, become
dominant on the right side. When the primary atrial septum begins
to separate the primary atrial part of the heart tube, it is then able to
grow towards the atrioventricular canal such that the systemic venous
tributaries are to its right side. At the same time, the atrioventricular
canal myocardium becomes incorporated into both developing atrial
chambers as their vestibules (Figure 3).

The commitment of the pulmonary veins to the developing left at-
rium is a later event. A mid-line strand initially connects the venous
channels developing within the lung buds with the atrial cavity. Having
canalized, the new pulmonary vein enters the primary atrial component
through the dorsal mesocardium. Growth of the primary atrial septum
towards the atrioventricular canal places it to the left of the initial soli-
tary pulmonary venous orifice, which opens adjacent to the vestibule.
Muscularization of a pharyngeal mesocardial outgrowth, known as
the vestibular spine, along with a mesenchymal cap carried on the lead-
ing edge of the primary atrial septum, then forms the second atrial sep-
tum. Remodelling such that four pulmonary veins enter the venous
sinus at its corners is not completed until the foetal stages of develop-
ment. With the remodelling, the pulmonary venous component forms
the superior wall of the left atrium, or its dome. The superior margin of
the oval foramen can then be seen to be an infolding of the atrial walls
(Figure 3).
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Right atrium

Figure 2 Clock model indicating specific locations at the left and right atrioventricular junction in a left anterior oblique view. SVC, superior caval vein;
RSPV, right superior pulmonary vein; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein.

Right atrium

Knowledge of the developmental processes described above now un-
derscores the appropriate description of the definitive morphology
of the atrial chambers. The initial atrial component of the primary heart
tube persists as the bodies of both atriums, but post-natally very little of
the body can be recognized within the morphologically right atrium.
The right atrial morphology is dominated by the extensive walls of its
appendage, which can be recognized by virtue of the presence of the
pectinate muscles on their endocardial surface (Figure 4A). The pectin-
ated appendage forms the entirety of the lateral atrial wall, with the
pectinate muscles themselves extending all around the smooth-walled
vestibule. The boundary between the pectinated appendage and the
systemic venous sinus is marked postero-laterally by the prominent ter-
minal crest, or ‘crista terminalis’. Opening into the venous sinus are the
superior and inferior caval veins, with remnants of the embryonic right
venous valve usually persisting at the mouths of the inferior caval vein
and coronary sinus as the Eustachian and Thebesian valves. The left-
ward boundary of the venous sinus is rarely obvious, but on occasion
it is marked by persistence of the left venous valve. When present,
this permits recognition of the atrial body as the space between the
remnants of the left venous valve and the atrial septum (Figure 3).
The septal aspect of the chamber, at first sight, is extensive
(Figure 4A). In reality, only the floor of the oval fossa and its
antero-inferior buttress are true septal structures that interpose direct-
ly between the cavities of the right and left atriums. The remainder of
the rims of the oval fossa are infoldings of the atrial walls, as is the ridge
between the orifices of the inferior caval vein and the coronary sinus,
with this structure often described as the sinus septum. It is better con-
sidered as the Eustachian ridge. The commissure of the Eustachian and
Thebesian valves runs through this ridge as the tendon of Todaro, form-
ing one of the landmarks of the important triangle of Koch (Figure 48).3"
The equally important cavotricuspid isthmus is found inferior to the
base of the triangle, with the vestibule between the orifice of the cor-
onary sinus and the hinge of the septal leaflet of the tricuspid valve pro-
ducing a septal isthmus (Figure 4B).%”

Left atrium

In contrast to the morphologically right atrium, which has predomin-
antly pectinated walls belonging to the appendage, the majority of

the walls of the morphologically left atrium are smooth (Figure 5A).
This makes it harder to recognize its developmental components.

The appendage, nonetheless, which again has pectinated walls, is ob-
vious as a tubular outpouching from the anterior part of its cavity. The
pulmonary venous component can also be recognized as forming the su-
perior wall, well described as the atrial dome, with an obvious ridge oniits
lateral wall marking the entrance of the left-sided pulmonary veins. The
veins on each side join the pulmonary venous component through the
antrums. The pulmonary veins themselves then extend from the an-
trums on each side towards the hilums. The proximal walls of the veins
are myocardial, producing the pulmonary venous myocardial sleeves
which, at the margins of the pericardial cavity, merge with the walls of
the extrapericardial veins, which are made up of smooth muscle.
There are usually two myocardial sleeves on each side, but there is indi-
vidual variation, varying from three discrete sleeves to the presence of a
common sleeve extending to the margins of the pericardial cavi‘cy.33

The remainder of the walls of the left atrium are made up of the
smooth-walled vestibule and the atrial body. It is these parts that form
the posterior wall of the chamber. Whereas, the rims of the oval fossa
represent the septal landmarks in the right atrium, it is the flap valve of
the oval fossa, derived from the primary atrial septum, that is seen on the
left side. It possesses two obvious horns where it overlaps the infolded
walls forming the superior margin of the fossa (Figure 5A). Significant isth-
muses are found in the lateral wall of the atrium, with the mitral isthmus
present between the openings of the left pulmonary veins and the hinge
of the mural leaflet of the mitral valve (Figure 5B). A second, narrower,
isthmus can then be recognized more anteriorly between the orifice of
the left atrial appendage and the hinges of the mitral valvular leaflets at
the atrioventricular junction.***®

Atrial regionalization (15-segment
bi-atrial model)

Segmentation of the left atrium

Segments 1 and 2: the left and right pulmonary venous
antrums

Anatomical, electrophysiological, and clinical considerations

The walls of the venous antrums are distinct atrial regions that produce
the transition from the myocardial walls of the left atrium itself to the
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Figure 3 The image is a frontal section through the atrial chambers of a human foetus at 9 weeks of development. It is possible to recognize the
developmental origins of the components of both atrial chambers. Each atrium possesses a body, which is the remains of the atrial component of
the primary heart tube. The vestibules are derived from the atrioventricular canal myocardium of the primary tube. The appendages are chamber myo-
cardium, formed by the process of ballooning from the body on each side. Each atrium now possesses its venous sinus, with the venous valves still
recognizable to show the boundaries of the systemic venous sinus of the right atrium. The primary atrial septum forms the floor of the oval fossa,
with its antero-inferior buttress formed by muscularization of the vestibular spine and mesenchymal cap of the primary septum. The superior margin

of the fossa is clearly seen to be an infolding between the atrial walls.

smooth muscular walls of the extrapericardial pulmonary veins.
Forming segments 1 and 2 of our 15-segment bi-atrial model, the myo-
cardial pulmonary venous sleeves extend distally from the body of the
atrial cavity, with the body itself roofed by the atrial dome, which we
will describe as segment 3. It is at the distal margins of the venous
sleeves that the walls transition to be formed by smooth muscle rather
than working myocardium.ﬂ'“’_38

The interplay between the working cardiomyocytes and the smooth
muscle cells at the distal venoatrial junctions is believed to underscore
the specific electrophysiological properties that are now known to play
an important role in the pathogenesis of atrial fibrillation and other at-
rial arrhythmias.>>*° It is this knowledge, in turn, which supports the cir-
cumferential ablation of the antrums, thus producing the electrical
isolation of the pulmonary veins, which constitutes the cornerstone
of current treatment of atrial fibrillation.”*'

While there are typically two pulmonary veins on each side entering
their respective antrums, it is not infrequent to find variations, such as
three venous orifices, or the pulmonary veins entering the antrums
through a common orifice, often described as ‘common trunk’.2”3>-38

Definition of segmental boundaries
Anteriorly, the left antrum is bordered by the left lateral ridge, part of
the lateral wall of the atrial body, which is defined as segment
6. Posteriorly, the proximal border can be appreciated as a sudden
change in the curvature at the morphological transition from the an-
trum to the atrial dome (Figures 6 and 7).

When defining the border by mathematical algorithms, the junction
of the antrum with the atrial body may be recognized as a discontinuity
in the curvature function. This could be an inflection point where the
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Figure 4 Gross anatomy of the right atrium. (A) The morphologically right atrium has been opened by making an incision within the systemic venous
sinus parallel to the terminal groove, and reflecting the appendage laterally. The heart is viewed from a lateral projection that corresponds to a right
posterior oblique view. It is possible to recognize all the anatomical components that make up the atrial chamber. The appendage is characterized by its
pectinated walls. The smooth vestibule separates the appendage from the hinges of the leaflets of the tricuspid valve in the right atrioventricular junc-
tion. The remnants of the embryonic right venous valve, seen as the Eustachian and Thebesian valves guarding the mouths of the inferior caval vein and
coronary sinus respectively, delineate the lateral border between the venous sinus and the appendage. In this heart, the remnant of the left venous valve
can also be seen, making it possible to recognize the small part of the atrial body interposed between the valvular remnants and the septal surface. The
depression on the septal surface shows the location of the true septum. It is not possible to identify the paraseptal areas. (B) The image shows the
en-face septal aspect of the cavity of the morphologically right atrium. The endocardium has been removed to show the ‘grain’ produced by the parallel
aggregation of the individual cardiomyocytes. It is possible to recognize the rims and floor of the oval fossa. Only the area adjacent superior to the
tendon of Todaro is a true second septal component over and above the flap valve forming the floor of the fossa. The dissection also shows the bound-

aries of the triangle of Koch along with the locations of the cavotricuspid and septal isthmuses.

curvature changes sign (from concave to convex, or the other way
round), or a turning point where the gradient of the curvature changes
sign and the derivative of the curvature function turns to zero. The
change in curvature is quite pronounced at the transition towards
the left lateral ridge, representing the anterior border. Posteriorly,
however, at the transition towards the atrial dome, which is part of seg-
ment 3, the change in curvature may be subtle.

Reproducibly to define the left pulmonary venous antrum as desig-
nated by segment 1, the change in the 2D curvature, indicating the junc-
tion, can be marked superiorly at point A, and inferiorly at point B, with
these points representing the transitions towards the atrial body. These
features are best appreciated in an attitudinal postero-anterior projec-
tion, which provides an en-face view of the atrial dome. By definition, in
this view the uppermost part of an anatomical structure corresponds
to its most superior or cranial, aspect as defined by the longitudinal
body axis. The lowermost refers to its most inferior, or caudal, aspect.

The proximal border of the mouth of the left antrum is then deli-
neated by the geodesic connecting points A and B, with the border
at the same time encircling the antrums and orifices of the left inferior
and superior pulmonary veins (see Figure 7). When traced distally, the
antral region is bordered by the orifices of the left inferior and superior
veins, respectively.

Except for those individuals having a common proximal venous myo-
cardial sleeve, the sleeves of the superior and inferior pulmonary veins
are separated by the venous carina. In those with three venous orifices,
there will be two carinas.

As was the case for the left pulmonary venous antrum, the junction
of the right pulmonary venous antrum and the atrial body can be recog-
nized as a sudden change in the curvature indicating the morphological
transition.

Reproducibly to define the right pulmonary venous antrum as de-
signated by segment 2, the change in the 2D curvature indicating the
junction can be marked by points C and D, representing the transi-
tions towards the atrial body. As outlined above, these are best re-
cognized in an attitudinal, postero-anterior projection. The
proximal border of the antral mouth is then delineated by the short-
est circumference connecting points C and D, which encircles the an-
trum and the orifices of the right inferior and superior pulmonary
veins (see Figure 8).

The right pulmonary venous antrum extends distally to the margins
of the myocardium forming the sleeves of the individual pulmonary
veins (Figure 8). As with the left antrum, apart from those individuals
with a common pulmonary venous sleeve, a carina will separate the
sleeves of the right superior and inferior pulmonary veins.
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! Mitral valve

Figure 5 Gross anatomy of the left atrium. (A) The morphologically left atrium from the same heart as used to prepare Figure 4 has been opened by
making cuts in its lateral wall, and reflecting the wall to show its cavity. It is possible to recognize the tubular appendage by virtue of the pectinated nature
of its walls. The remaining walls are all smooth, but these are made up of the vestibule, the body, and the pulmonary venous component. Note that the
venous component forms the superior wall of the chamber, or its dome. The posterior wall is made up of the body and the vestibule. The flap valve of
the septum is adherent to the rims of the oval fossa, better seen from the right side (A). It is possible to recognize the myocardial sleeves of the left
pulmonary veins, which come together to form the left pulmonary venous antrum. The orifices of the right antrum cannot be seen. Note the coronary
sinus within the inferior atrioventricular groove. (B) The image shows the lateral wall of the morphologically left atrium as viewed from the septal aspect.
The superior and inferior pulmonary veins are seen entering the left antrum of the venous sinus, separated by the venous carina. The left lateral ridge,
part of the body of the atrium, interposes between the orifices of the left pulmonary veins, and the mouth of the appendage. It is possible to recognize
the mitral isthmus, between the pulmonary venous orifices and the hinge of the mural leaflet of the mitral valve, and the second, narrower, isthmus
formed between the mouth of the left appendage, and the hinge of the mitral valvular leaflet. The latter isthmus is formed by the atrial vestibule, whereas

both the vestibule and the lateral wall of the body of the atrium make up the mitral isthmus.

Segment 3: left atrial posterior wall (including
sub-segments 3a, 3b, 3¢, and 3d)

Anatomical, electrophysiological, and clinical considerations

The segment referred to as ‘posterior wall’ by cardiologists and electro-
physiologists, is not strictly posterior but also has superior aspects.** In
fact, anatomically this segment may be better described as the left atrial
dome.?”***7 |t shares a common embryologic origin with the pulmon-
ary venous myocardial sleeves including an association with epicardial
parasympathetic ganglia.

The myocardial walls of the dome have distinct electrophysiological
properties that may predispose to conduction delay. It frequently har-
bours fibrotic arrhythmogenic substrates.”>**** The left atrial poster-
ior wall, therefore, is a common target should catheter ablation be
considered over and above the isolation of the venous antrums, albeit
supportive evidence from large randomized trials is lacking to
date.*>* Recent analyses suggest that patients selected based on in-
dividual arrhythmogenic substrate might benefit from posterior wall
isolation. ">

Moreover, the dome contains the septopulmonary bundle, which
consists of epicardial fibres that originate from the septum and span
over the posterior wall towards the vestibule. Epicardial bridging via
the septopulmonary bundle and endocardial breakthrough may impede
successful posterior wall isolation by endocardial catheter ablation.*”*®

So as to accommodate the considerable regional differences in at-
rial remodelling, the dome may be further divided into quadrants.

Fibrotic remodelling, as detected by late gadolinium enhancement
cardiac magnetic resonance, occurs predominantly in the left lower

posterior quadrant, which is adjacent epicardially to the descending
Aorta 13:4449.50

Definition of segmental boundaries

Laterally and septally, segment 3 is bordered by the proximal boundar-
ies of the venous antrums. These borders are best appreciated in an at-
titudinal postero-anterior projection, which provides an en-face view of
the dome and also enables standardized definition of the superior and
inferior borders (Figure 9). In this view, the uppermost part of the pos-
terior wall corresponds to its most superior aspect, and the lowermost
to its most inferior aspect. This means that the superior border, also
referred to as the left atrial roof line, can be defined by the geodesic
connecting points A and C, which in turn represent the most superior
aspects of the left and right antral boundaries. It then follows that the
inferior border is defined by the geodesic connecting points B and D
on the antral boundaries. This definition of the posterior wall is consist-
ent with the definition used in seminal studies including the CAPLA ran-
domized trial.*?

When considering division of the posterior wall into sub-segments,
the superior and inferior quadrants may be divided by a geodesic bisect-
ing the carinas. In those patients with a common venous orifice (‘com-
mon trunk’), or additional orifices, it may be more appropriate to use a
horizontal geodesic, which bisects the lateral and septal borders of the
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Figure 6 (Centralillustration): 15-segment bi-atrial model. lllustrated visualization of the 15 left and right atrial segments in different views (A—C), and
head-to-head comparison with anatomical sections (D—F) as well as electroanatomical mapping clinical routine CT-imaging (G—/) and electroanatomical
mapping clinical routine CT-imaging (/-L) in the correspondent views. Left column: posterior-anterior view; middle column: left anterior oblique view;
right column: right anterior oblique view. CS, coronary sinus; IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV,
left superior pulmonary vein; MA, mitral annulus (left atrioventricular junction); RAA, right atrial appendage; RIPV, right inferior pulmonary vein; RSPV,
right superior pulmonary vein; SVC, superior vena cava; TA, tricuspid annulus (right atrioventricular junction).
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Figure 7 Segment 1 (left pulmonary antrum). lllustration of segment 1 in a postero-anterior view (A) and a superior view (B). (C) Clinical routine
electroanatomical map visualizing segment 1 in a postero-anterior view. LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV,

right superior pulmonary vein; RIPV, right inferior pulmonary vein.

posterior wall. The septal and lateral quadrants are divided by a hori-
zontal bisecting line.

Segment 4: left atrial anterior wall (including sub-segments
4a, 4b, 4c, and 4d)

Anatomical, electrophysiological, and clinical considerations

The anterior atrial wall encloses the cavity representing the body of the
left atrium, but also includes the vestibule, with the vestibular myocar-
dium inserting into the part of the atrioventricular junction, which sup-
ports the aortic leaflet of the mitral valve. Bachmann’s bundle runs

through the superior part of the anterior wall. This aggregation of
working atrial cardiomyocytes provides the principal pathway for in-
teratrial conduction, extending as it does towards the lateral wall, or
segment 6, and the left atrial appendage, or segment 5.273>3738 The an-
terior wall separates the atrial cavity from the aortic root and the as-
cending aorta. Its walls can be very thin.**?” Areas of low bipolar
endocardial voltage, surrogates for arrhythmogenic substrates, are
commonly encountered in this segment.>">?

Depending on the resolution of the modality being used for diagnosis,
and the objective of the analysis, consideration can be given for dividing
the anterior wall into quadrants. Division in this fashion may better account
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Right anterior oblique view
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Figure 8 Segment 2 (right pulmonary venous antrum). lllustration of segment 2 in a postero-anterior view (A) and a right anterior oblique view (B).
(C) Clinical routine electroanatomical map visualizing segment 2 in a postero-anterior view. RIPV, right inferior pulmonary vein; RSPV, right superior
pulmonary vein; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein.

for the distinct regional distribution of arrhythmogenic substrates, which
seems to be predominant in the baso-septal quadrant, anterior to the right
superior pulmonary vein, itself directly adjacent to the ascending aorta.” >

Definition of segmental boundaries

Segment 4 extends anteriorly and apically from the dome, ending in the
part of the left atrioventricular junction, which supports the aortic leaf-
let of the mitral valve. The cranial boundary is defined by the roof line,
already discussed in the context of segment 3. It is marked by the geo-
desic connecting points A and C (Figure 10). The apical border, at the
left atrioventricular junction, is defined using an apico-basal view, which
is parallel to the long cardiac axis and orthogonal to the plane of the
mitral valve. As we have already emphasized, this view corresponds

roughly to the left anterior oblique fluoroscopic projection. We have
also explained how we use the clock model (Figure 2) to facilitate the
definition of standardized and reproducible, albeit idealized, markers
of the segmental borders. Based on this model, the apical border of
the anterior wall, represented by point E, corresponds with 9 o’clock
septally, and laterally with point F, found at 1 o’clock. The septal bound-
ary is marked by the geodesic between the 9 o’clock position, or point
E, and the intersection of the roof line with the right venous antrum,
with the latter found at point C.

The basal part of the lateral border is defined by the shortest geodes-
ic connecting the most superior aspect of the left antral boundary
(point A), and the orifice of the left appendage. The intersection with
the orifice of the appendage is then geodesically connected with the
atrioventricular junction at 1 o’clock (point F) to define the apical
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Figure 9 Segment 3 (left atrial posterior wall). lllustration of segment 3 in a postero-anterior view (A) and clinical routine electroanatomical map
visualizing segment 3 in the same view (B). RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; LIPV, left inferior pulmonary

vein; LSPV, left superior pulmonary vein.

part of the lateral border. Depending on the specific individual anatomy,
the location of the appendage may interfere with the ability to place this
geodesic. In such instances, the appendage should be ignored, and its
orifice considered as part of the left atrial surface when seeking to cre-
ate the geodesic. The orifice will only be considered as part of the atrial
surface for the construction of the geodesic. It does not, of course, re-
present part of either the anterior or lateral wall segments.

As discussed, if necessary, the anterior wall can be sub-divided
into quadrants. The basal, as opposed to the apical, quadrants can
be defined by the geodesic that intersects the most anterior aspect
of the orifice of the appendage and also bisects the septal border of
the anterior wall (Figure 10). So as to differentiate the septal and
lateral quadrants, the required geodesic bisects the roof line that it-
self sub-divides the basal and apical quadrants, and which extends
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Figure 10 Segment 4 (left atrial anterior wall). lllustration of segment 4 in a left anterior oblique view (A) and a superior view (B). (C) Clinical routine
electroanatomical map visualizing segment 4 in a left anterior oblique view. IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left inferior pul-
monary vein; LSPV, left superior pulmonary vein; RSPV, right superior pulmonary vein; SVC, superior vena cava.

apically to reach the left atrioventricular junction at the 11 o’clock
position.

Segment 5: left atrial appendage
Anatomical, electrophysiological, and clinical considerations

The appendage is the tubular and angulated structure that protrudes
from the atrial body. It can take very variable shapes, with multiple lobes

and branches. Its wall is lined by pectinate muscles, being very thin be-
tween them. When compared with the right appendage, its mouth is
constricted, and its junction with the atrial body limited,?29-33-38:53.54

On account of its distinct morphology, and the resulting patterns of
the flow of blood, it is a frequent site for the formation of intracardiac
thrombus. Such formation of clot has been implicated in the aetiology
of the cardioembolic strokes associated with atrial fibrillation.>>>®
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The enhanced automaticity observed in cardiomyocytes of the append-
age, furthermore, has been implicated in the initiation and maintenance
of atrial fibrillation.”>>’

Definition of segmental boundaries

The appendage can readily be differentiated from the rest of the atrium
by imaging or mapping. The cavity of its distal extremity shows a
marked angulation with the remainder of the atrial cavity (Figure 17).
In line with the concept introduced above, this junction can be recog-
nized by the sudden change in the curvature at the morphological tran-
sition (see segment 1). Analogue to the junction of the antrum with the

Left anterior oblique view

EAM, left anterior oblique view

Figure 11 Segment 5 (left atrial appendage). lllustration of segment 5
in a left anterior oblique view (A) and a clinical routine electroanatomical
map visualizing segment 5 in the same view (B). LIPV, left inferior pul-
monary vein; LSPV, left superior pulmonary vein; MA, mitral annulus
(left atrioventricular junction); RSPV, right superior pulmonary vein.

atrial body, the junction of the left atrial appendage with the atrial body
may be recognized as a discontinuity in the curvature function. This
would be a turning point where the gradient of the curvature changes
sign and the derivative of the curvature function turn to zero.

Segment 6: left atrial lateral wall (including sub-segments 6a
and 6b)

Anatomical, electrophysiological, and clinical considerations

The lateral wall of the atrium, which makes up segment 6, comprises all
lateral aspects of the atrial chamber aside from the left venous antrum.
A prominent component of the wall is the left lateral ridge, which re-
presents the lateral wall of the atrial body. It merges with the vestibule
to separate the pulmonary venous antrum from the atrioventricular
junction. This part of the lateral wall is the so-called mitral isthmus.
The isthmus then extends apically as the vestibule, which separates
the orifice of the appendage from the hinge of the leaflets of the mitral
valve. The vestibular myocardium then continues to form the apical
part of segment 6. The part of the ridge adjacent to the orifice of the
appendage is often lined by extra-appendicular pectinate muscles,
with the lateral wall itself being paper-thin between the individual
muscles.?*3¢37

Definition of segmental boundaries

Apically, the lateral wall is bordered by the lateral aspects of the left
atrioventricular junction, which are marked by point F at 1 o’clock,
and point H at 4 o’clock. The basal border is formed by the cranial mar-
gin of the left lateral ridge, separating the lateral wall from the left pul-
monary venous antrum (segment 1). Antero-superiorly, the lateral wall
is marked by the lateral border of the anterior wall and the appendage.
The infero-posterior border is marked by the geodesic extending from
point H, at the 4 o’clock position on the left atrioventricular junction,
and point B marking the most inferior aspect of the left pulmonary ven-
ous antrum (Figure 12). If desired, sub-segments distinguishing the left
lateral ridge (6a) from the remainder of the lateral wall (6b) may be
defined.

The left lateral ridge (sub-segment 6a) represents the basal aspect of
the lateral wall. Its superior border is defined by the shortest geodesic
connecting point A, which marks the most superior aspect of the left
antral boundary, and the orifice of the left appendage. The inferior bor-
der of the left lateral ridge is defined by the shortest geodesic connect-
ing point B, or the most inferior aspect of the left antral boundary of
segment 1 and the orifice of the appendage. The remainder of the lat-
eral wall constitutes sub-segment 6b.

Segment 7: left atrial inferior wall (including sub-segments
7a, 7b, 7¢, and 7d)

Anatomical, electrophysiological, and clinical considerations

The inferior wall, comprised of components belonging to the atrial
body and vestibule, forms the wall, which extends along the cardiac
axis from the dome to the hinge of the mural leaflet of the mitral valve.
The vestibular component of the wall forms part of the boundary of the
left inferior atrioventricular groove, within which is found the coronary
sinus and, when dominant, the circumflex artery.

Definition of segmental boundaries

The cranial boundary of the inferior wall is defined by the inferior bor-
der of the dome, which is marked by the geodesic between points B and
D. The apical boundary is the hinge line of the mural leaflet of the mitral
valve in the left atrioventricular junction. The geodesic marking this
boundary extends from point H, found at the 4 o'clock position, to
point | at 7 o’clock. The lateral boundary with segment 6, and the septal
boundary with segment 8, is marked by the geodesics connecting the
points B and H, and D and |, respectively (Figure 13). The inferior
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Figure 12 Segment 6 (left atrial lateral wall). lllustration of segment 6 in a left lateral view (A), a left posterior oblique view (B), and a superior view (C).
(D) Clinical routine electroanatomical map visualizing segment 6 in a left lateral view. IVC, inferior vena cava; LAA, left atrial appendage; LSPV, left su-
perior pulmonary vein; MA, mitral annulus (left atrioventricular junction) RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; SVC,

superior vena cava.

wall can also be sub-divided into quadrants. A geodesic bisecting the
septal and lateral borders of the inferior wall separates the basal
from the apical quadrants. A second geodesic bisecting the first one
can then be placed to separate the septal from the lateral quadrants.

Segment 8: left atrial septal wall

Anatomical, electrophysiological, and clinical considerations

The septal aspect of the left atrium, which makes up segment 8, is dir-
ectly adjacent cranially to the right pulmonary venous antrum. Not all of
this wall is septal. As we have explained, the true septum, which inter-
poses between the cavities of the atrial chambers, is formed only by the
floor of the oval fossa and its antero-inferior buttress.®>** When seen
from the left side, the floor of the fossa overlaps its infolded rims, and
has two characteristic horns. These are rarely visualized, when using
clinical diagnostic modalities. The floor of the fossa, which forms the
flap valve of the oval foramen, is the target for trans-septal puncture

during catheter-based interventions. The wall selected to represent
segment 8 also includes the infolded atrial walls that make up the super-
ior, posterior, and inferior margins of the fossa 3333378

Definition of segmental boundaries

Apically, segment 8 is bordered by the margins of the left atrioventricu-
lar junction between point E, at the 9 o’clock position, and point | at 7
o'clock. The basal border is formed by the boundary with segment 2, or
the right venous antrum. Antero-superiorly, the boundary is with the
septal border of the anterior wall, or segment 4. This is marked by
the geodesic extending between point E at 9 o’clock on the atrioven-
tricular junction, and point C, which marks the intersection of the
roof line with the right pulmonary venous antrum. The infero-posterior
border is marked by the geodesic connecting point |, the 7 o’clock pos-
ition on the junction, with point D, which marks the most inferior as-
pect of the right venous antrum (Figure 14).
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Figure 13 Segment 7 (left atrial inferior wall). lllustration of seg-
ment 7 in an inferior view (A) and a clinical routine electroanatomical
map visualizing segment 7 in the same view (B). LAA, left atrial append-
age; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary
vein; MA, mitral annulus (left atrioventricular junction); RIPV, right in-
ferior pulmonary vein; RSPV, right superior pulmonary vein.

Segmentation of the right atrium

Segment 9: right atrial septal wall

Anatomical, electrophysiological, and clinical considerations

As we have already discussed, the true atrial septum, which interposes
between the atrial cavities, is formed only by the floor of the oval fossa
and its antero-inferior buttress.>>** The septal aspect of the atrial cavity
defined as segment 9, also includes all the paraseptal components of the
atrial walls, except for the triangle of Koch. The paraseptal areas, found
superiorly, posteriorly, and inferiorly are the infolded atrial walls, along
with the fold between the orifices of the inferior caval vein and the cor-
onary sinus known as the Eustachian ridge,33-3>37:3853.58

Definition of segmental boundaries

The area defined as segment 9 extends from the right atrial posterior wall,
which makes up segment 10, to the paraseptal region marked by the tri-
angle of Koch, which is recognized as segment 15. The inferior border of
segment 9 is defined by the geodesic connecting point J, marking the most
inferior aspect of the orifice of the coronary sinus, with point K, marking
the most septal aspect inferior caval vein orifice (Figure 15).

We should emphasize again that, when defining the borders of the
right atrioventricular junction, we used the clock model, as was the
case for the left atrioventricular junction (Figure 2). The co-ordinates
of the model are themselves defined using the apico-basal view, which
is parallel to the long cardiac axis and perpendicular to the tricuspid
valvular plane. The superior boundary of segment 9 is then defined
by the geodesic extending between point L, which marks the most sep-
tal aspect of the superior caval vein orifice, and point M, representing
the superior septal aspect (1 o’clock position) of the right atrioventricu-
lar junction. The basal border is marked by the geodesic connecting
points K and L, which represent the boundaries of the orifices of the
caval veins closest to the septal surface. The apical boundary is formed
by the orifice of the coronary sinus. It is defined by the geodesic be-
tween point M, at the superior septal aspect of the right atrioventricular
junction, or the 1 o’clock position, and point ], which is placed at the
most inferior aspect of the orifice of the coronary sinus.

Segment 10: right atrial posterior venous wall
Anatomical, electrophysiological, and clinical considerations
Segment 10 is formed by the walls of the systemic venous sinus, itself
derived from the so-called sinus venosus.>” In contrast to the pectin-
ated walls of the adjacent appendage, the walls of the area between
the orifices of the caval veins is characterized by its smooth endocardial
surface.>

Endocardially, the border between the smooth venous component and
the pectinated appendage is marked by the muscular ridge known as the
terminal crest, or crista terminalis. Epicardially, the crest matches the loca-
tion of the terminal groove, or sulcus terminalis. It may not be possible to
identify these features using echocardiography, but they should now be re-
cognized by those using computed tomography. As yet, however, we have
not considered them to be identified with sufficient regularity to be used as
region-defining landmarks in our model. The epicardial boundary between
the appendage and the systemic venous sinus, nonetheless, is of significance
because, in this area, the sinus node is found within the terminal groove. In
most individuals the node lies inferior to the prominent crest of the ap-
pendage, which is also known as the arcuate ridge. In around one-tenth
of individuals, the node can extend across the cavoatrial junction in horse-
shoe fashion. In all individuals, nonetheless, the node has a tail which ex-
tends caudally within the terminal groove towards the orifice of the
inferior caval vein.>” In addition to the location of the sinus node, the prox-
imity of the phrenic nerve on the epicardial aspect of the systemic venous
sinus has important implications for the ablation of atrial arrhythmias in this
area.

Definition of segmental boundaries

Superiorly and inferiorly, the posterior venous wall is bounded by the
orifices of the caval veins (Figure 16). The lateral border, formed by
the terminal crest and the terminal groove, can also be marked by
the geodesic connecting points N and O, which are placed on the
most lateral aspects of the venous orifices. These points should be
placed when using a basal-to-apical projection, a view that is parallel
to the long cardiac axis. Using the same view, the septal border is
marked by the geodesic placed between points K and L, which mark
the most septal aspects of the venous orifices.

Segment 11: right atrial appendage and lateral wall
(including sub-segments 11a and 11b)

Anatomical, electrophysiological, and clinical considerations

The right appendage has a characteristically triangular shape, with a par-
ticularly broad junction with the remainder of the atrial chamber. As
such, it forms the entirety of the atrial wall of the right atrium when
viewed externally (Figure 17). When assessed internally, however, the
smooth vestibular component interposes throughout the parietal atrio-
ventricular junction between the pectinated wall and the hinge of the
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Figure 14 Segment 8 (left atrial septal wall). lllustration of segment 8 in a right anterior oblique view (A), and a clinical routine electroanatomical map
visualizing segment 8 in the same view (B). LSPV, left superior pulmonary vein; LAA, left atrial appendage RIPV, right inferior pulmonary vein; RSPV, right

superior pulmonary vein.

antero-superior and inferior leaflets of the tricuspid valve. Although the
extent of the pectinated wall is obvious to the anatomist, these features
currently remain more difficult to recognize in a reproducible, standar-
dized manner using imaging or electroanatomical mapping
modalities.?”38>358

The junction between the smooth venous component making up
segment 10 and the pectinated wall of the appendage is formed by

the terminal crest, which extends vertically from the antero-lateral as-
pect of the orifice of the superior caval vein towards the antero-lateral
aspect of the inferior caval venous orifice. The crest has high relevance
for electrophysiologists. The cardiomyocytes making up the crest are
aggregated together in parallel fashion, thus producing one of the pref-
erential pathways for conduction known to exist in the atrial walls. At
the junction with the crest of the appendage, however, there is an area
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Figure 15 Segment 9 (right atrial septal wall). lllustration of segment 9 in a left posterior oblique view (A) and a left anterior oblique view (B).
(C) Clinical routine electroanatomical map visualizing segment 9 in a left posterior oblique view. CS, coronary sinus; IVC, inferior vena cava; SVC,

superior vena cava; TA, tricuspid annulus (right atrioventricular junction).

of non-uniform anisotropy, which is held to be arrhythmogenic.35
Additional areas of arrhythmogenicity are also known to involve the
length of the terminal crest, while the sinus node itself is found within
the terminal groove.”

The pectinate muscles that characterize the endocardial surface of
the appendage originate from the terminal crest. They extend in parallel
fashion from the crest, reaching towards the vestibule throughout the
parietal extent of the right atrioventricular junction. As is the case with
the left appendage, the atrial wall between the individual pectinate

‘parchment-like’.

muscles can be extremely thin, and is often described as

» 38

The appendage is usually used as the site for implantation of atrial

pacemaker leads.®°

Definition of segmental boundaries

From a strictly anatomical perspective, segment 11 in its entirety con-
stitutes the atrial appendage. From an electrophysiological standpoint,
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Figure 16 Segment 10 (right atrial posterior venous wall). lllustration of segment 10 in a right posterior oblique view (A) and a clinical routine elec-
troanatomical map visualizing segment 10 in the same view (B). IVC, inferior vena cava; RAA, right atrial appendage; SVC, superior vena cava.

however, only the characteristic distal protrusion is commonly re-
garded as the atrial appendage. To resolve this discrepancy, we have de-
fined corresponding sub-segments: sub-segment 11a, which describes
the distal protrusion of the appendage, and sub-segment 11b, which
corresponds to the lateral pectinate wall, that is likewise composed
of appendage-defining pectinate muscle.

The anterior and superior borders of segment 11 can readily be ap-
preciated and defined when using computed tomography or magnetic
resonance imaging. The triangular antero-superior protrusion of the
right atrial appendage is particularly characteristic, producing a pro-
nounced anterior angulation with the remainder of the atrial cavity.
Inferior to the protrusion, segment 11 shows a considerable
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Figure 17 Segment 11 (right atrial appendage and lateral wall). lllustration of segment 11 in a right anterior oblique view (A), a left anterior oblique
view (B), and a right lateral view (C). (D) Clinical routine electroanatomical map visualizing segment 11 in a right anterior oblique view. IVC, inferior vena

cava; SVC, superior vena cava.

indentation as it transitions along the lateral wall towards the atrial ves-
tibule, which is defined as segment 12 (see Figure 17).

Both aspects can be delineated directly, based on the maximum local
concavity at these transitions. Not all imaging and mapping modalities,
however, currently provide sufficient spatial resolution accurately to
define these anatomical landmarks, particularly when using automatic
algorithms. To facilitate standardized automated regionalization, there-
fore, we have established three auxiliary points to permit approximate
recognition of the anterior and superior borders of segment 11.

Point P marks the anterior junction, at the site where the appendage
protrudes from the remainder of the atrial cavity. This is the site of the
prominent angulation. The point can thus be defined by the maximum
concavity at the transition from the appendage to the anterior atrial
wall.

Point Q marks the anterior junction of the protruding appendage
with the lateral wall. It can be defined by the maximum anterior concav-
ity of the lateral wall in a right lateral view. In individuals with a shift of
the cardiac axis, the right lateral view may have to be adapted according
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to the rotated cardiac axis, so that the angulation at the protruding ap-
pendage can be appreciated.

The final point, which is point S, marks the antero-superior cavoatrial
junction. It is placed on the most anterior aspect of the superior caval
venous orifice and should be determined using a right lateral view as well.

Having determined these three points, the border between the ap-
pendage and the anterior wall, or segment 13, is represented by a geo-
desic connecting these points anteriorly. Should the diagnostic
modalities provide sufficient spatial resolution; the points can be con-
nected simply by following the groove formed by the anterior angula-
tion resulting from the protrusion of the distal part of the
appendage. Automatic algorithms may determine this groove based
on maximum local curvatures.

The inferior continuation of the border between the antero-lateral
part of segment 11 and the lateral vestibule (segment 12) may be recog-
nized as the anterior edge of the silhouette as seen in a right lateral view.
Again, this view may have to be adapted according to the individual car-
diac axis. Alternatively, should there be sufficient spatial resolution, the
border can be delineated following the prominent ridge formed by the
indentation of the lateral wall, based on maximum local curvatures.
Inferiorly, this border intersects the cavotricuspid isthmus, which forms
the inferior boundary of segment 11 (see segment 14 for details).

The posterior border of the appendage and the lateral wall is demar-
cated endocardially by the prominent terminal crest, with the epicardial
border marked by the terminal groove. The appendage also stands out
from the smooth posterior venous wall by virtue of its characteristic
pectinate muscles. If the spatial resolution allows for identification of
the terminal crest or groove, these can be used as landmarks marking
the posterior border of the appendage. If neither the terminal groove
nor the terminal crest can be identified, then a geodesic is created
that connects the most lateral aspects of the caval venous orifices,
with these representing points N and O as previously defined.
Segment 11 can then be divided into a sub-segment 11a, corresponding
to the protruding distal portion of the appendage, and an inferior sub-
segment 11b made up of the pectinate lateral wall. These sub-segments
are defined by the geodesic connecting points Q and S posteriorly.

Segment 12: right atrial lateral vestibule

Anatomical, electrophysiological, and clinical considerations

The lateral vestibule is defined to produce segment 12, and forms part
of the lateral wall. When assessed anatomically it includes part of the
pectinated wall of the appendage, along with the lateral part of the ves-
tibule. The atrial vestibule is made up by circumferentially aggregated
cardiomyocytes that encircle the parietal part of the tricuspid valvular
orifice. When assessed in gross specimens, the vestibule can readily
be distinguished from the pectinated wall of the appendage by its
smooth endocardial surface.’

Definition of segmental boundaries

The posterior junction between the vestibule and the appendage is in-
dicated by a marked indentation, which is best appreciated in lateral or
right anterior oblique view. In this view, images obtained with diagnostic
modalities also show an abrupt caliber change at the transition between
the vestibule and the appendage, that is, at the level of the vestibule, the
right atrium has a significantly smaller diameter than more basally, at the
level of the right atrial appendage. For the purposes of segmentation,
we have included part of the appendage, together with the vestibule,
to make up the lateral wall of the right atrium. The apical extent of
this segment is the hinge of the antero-superior leaflet of the tricuspid
valve. It extends inferiorly to reach the boundary with segment 14,
which is dominated by the cavotricuspid isthmus. This inferior border
can be marked by placing a geodesic between point T, which represents
the infero-lateral aspect of the right atrioventricular junction, or 8
o'clock on the clock model, and the most lateral aspect of the inferior

caval venous orifice, which has previously been defined as point N
(Figure 18). The superior border of the lateral wall is marked by placing
a geodesic from point U, which is at 11 o’clock relative to the right
atrioventricular junction, to point Q placed at the anterior junction be-
tween the lateral wall and the wall defined to represent segment 11.

Segment 13: right atrial anterior wall
Anatomical, electrophysiological, and clinical considerations

Segment 13 is made up of all the components contributing to the anter-
jor wall of the right atrial body. Hence, it includes the anterior part of
the vestibule but excludes the anterior protrusion of the pectinated
right appendage. Within the cranial and leftward part of this segment
is found Bachmann’s bundle. This part of the anterior interatrial groove,
as was the case for the terminal crest, is characterized by the parallel
aggregation of its contained working cardiomyocytes. The bundle com-
mences at the pre-caval terminal crest, continues across the superior
cavoatrial junction, and extends through the anterior wall of the left at-
rium towards the left lateral ridge.>>’

Also included in segment 13 is the superior paraseptal part of the at-
rial wall that joins the supraventricular crest of the right ventricle. This
area is directly adjacent to the right coronary sinus of the aortic
root.2"¢"=¢* This relationship, therefore, should be taken into account
by those attempting trans-septal puncture, since too anterior a direc-
tion of the needle courts the risk of inadvertent aortic punctures. It is
also reported that the parts of the wall inferior to Bachmann’s bundle
are exceptionally thin.?’

Definition of segmental boundaries

As defined in the model, segment 13 extends basally from the superior
aspects of the right atrioventricular junction towards the appendage
and the superior cavoatrial junction. It is bordered laterally by the
wall of segment 12. As with that segment, the anterior wall includes
not only part of the vestibule, but also part of the appendage, although
it may not always be possible clinically to identify the pectinated com-
ponent. When traced superiorly, it reaches as far as the superior cavoa-
trial junction. Its septal border is marked by a geodesic drawn between
point M, found at the 1 o’clock position in the right atrioventricular
junction, and point L, which marks the most septal aspect of the super-
jor cavoatrial junction (Figure 19).

Segment 14: cavotricuspid isthmus
Anatomical, electrophysiological, and clinical considerations

This segment, as defined for the purpose of the model, has three parts.
The central part, which is also the most inferior part, represents the ca-
votricuspid isthmus as defined anatomically. The second part is a para-
septal area producing the most inferior aspect of the inferior pyramidal
space at the base of the triangle of Koch. The third part forms an infero-
lateral area that again includes part of the anatomical vestibule.”

It is well-established that typical atrial flutter is effectively abolished
when an ablation line is created extending from the right atrioventricular
junction to the inferior cavoatrial junction, with the shortest distance be-
tween the two isolating anatomical structures being at the level of the ana-
tomically defined isthmus. Unlike the paraseptal area, this inferior isthmus
is usually devoid of critical structures at risk for collateral damage, such as
the right coronary artery, the atrioventricular node, or the artery to the
node. The anatomical isthmus, furthermore, usually possesses the thinnest
walls, thus facilitating trans-mural ablation in this area when compared to
the rather thicker walls of the infero-lateral component of the segment. Of
note, catheter ablation is often complicated by presence of a particularly
prominent Eustachian valve.*® The origin of the Eustachian valve from
the inferior part of the Eustachian ridge marks the posterior boundary
of the isthmus as defined anatomically. Within the anatomical isthmus,
the presence of the deep sub-Thebesian recess may further impede effect-
ive catheter ablation,>>*”

920z Asenuer gz uo 1senb Aq ££68128/vE L1BNa/. /) z/a1onie/eoedoins/woo dno-oiwspese//:sdny woJj papeojumoq



Regionalization of the atria 23

Point U
(11 o’clock)

Antero-posterior view

Point U
(11 o’elock)

H
Point.U
(8 o’clock)

EAM, antero-posterior view

Figure 18 Segment 12 (right atrial lateral vestibule). lllustration of segment 12 in an antero-posterior view (A) and a clinical routine electroanatomical
map visualizing segment 12 in the same view (B). IVC, inferior vena cava; SVC, superior vena cava; TA, tricuspid annulus (right atrioventricular junction).

Definition of boundaries for 3D imaging and electroanatomical mapping it is bounded by segment 9 and by the floor of the triangle of Koch, with
The area defined as representing segment 14 extends from the inferior the latter defined as representing segment 15. Accordingly, the septal
cavoatrial junction to the hinge line of the inferior leaflet of the tricuspid ~ border can be defined by creating geodesics, which connect point J,

valve in the right atrioventricular junction (Figure 20). On the septal side, ~ marking the inferior border of the orifice of the coronary sinus, with
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Figure 19 Segment 13 (right atrial anterior wall). lllustration of segment 13 in a left anterior oblique view (A) and a clinical routine electroanatomical
map visualizing segment 13 in the same view (B). CS, coronary sinus; IVC, inferior vena cava; SVC, superior vena cava; TA, tricuspid annulus (right atrio-

ventricular junction).

point K, placed at the most septal aspect of the inferior cavoatrial junc-
tion, and with point V, placed at 5 o’clock within the right atrioventricu-
lar junction. The lateral boundary is then determined by the geodesic
connecting point T, the 8 o’clock position in the right atrioventricular
junction, with point N, previously defined as the most lateral aspect
of the inferior cavoatrial junction.

Segment 15: Koch’s triangle

Anatomical, electrophysiological, and clinical considerations

Segment 15 is the right atrial wall of the pyramid of Koch. This im-
portant area harbours such crucial electrophysiologically and clinic-
ally relevant structures as the compact atrioventricular node, the
site of penetration of the atrioventricular conduction axis, and the

920z Asenuer gz uo 1senb Aq ££68128/vE L1BNa/. /) z/a1onie/eoedoins/woo dno-oiwspese//:sdny woJj papeojumoq



Regionalization of the atria

25

Point T (8 o’clock)

Point N

Point T
(8 o’clock) T

-

.

Point N

Tricuspid annulus

Point V (5 o’clock)

CSs

IVC

Inferior view

14

IVC B Point K

EAM, inferior view

Figure 20 Segment 14 (cavotricuspid isthmus). lllustration of segment 14 in an inferior view (A), and a clinical routine electroanatomical map visu-
alizing segment 14 in the same view (B). CS, coronary sinus; IVC, inferior vena cava; TA, tricuspid annulus (right atrioventricular junction).

slow pathway into the node. The conduction axis penetrates to be-
come the non-branching atrioventricular bundle at the apex of the
pyramid, with this region often described as being para-Hisian
area.’"®17* The area is a common origin of focal atrial tachycardias.
It is also a typical location for the atrial insertions of paraseptal or
septal accessory pathways, these pathways also often described
as being para-Hisian. The triangle of Koch itself serves as a
reference for anatomically guided catheter ablation of the slow nodal
pathway in treatment of atrioventricular nodal re-entrant
tachycardias?’s'37

The apical border of the triangle is the hinge of the septal leaflet of
the tricuspid valve. The two sides of the triangle come together at
the site of the part of the central fibrous body formed by the atrioven-
tricular component of the membranous septum. It is in this area where
the conduction axis becomes insulated from the atrial myocardium to
become the non-branching bundle. The last atrial cardiomyocytes that
join with the axis prior to its insulation are also found in the apex of the
triangle, forming the fast pathway into the node. The base of the triangle
is formed by the coronary sinus and by the atrial vestibule between the
anterior margin of the coronary sinus and the hinge of the septal leaflet
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Figure 21 Segment 15 (Koch’s triangle). lllustration of segment 15 in a left posterior oblique view (A), and a clinical routine electroanatomical map
visualizing segment 15 in the same view (B). CS, coronary sinus; IVC, inferior vena cava; RAA, right atrial appendage; SVC, superior vena cava; TA, tri-

cuspid annulus (right atrioventricular junction).

of the tricuspid valve. This second area forms an obvious paraseptal
isthmus. It is in this region where the slow pathway is typically targeted
during catheter ablation of atrioventricular nodal re-entrant
‘cachycardias.35'37

The superior area at the apex of the triangle is directly adjacent to the
right coronary sinus of the aortic root.>"*™** This relationship should
be taken into account during trans-septal puncture, where too anterior
a direction of the needle may result in inadvertent aortic puncture.
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Definition of segmental boundaries

The apical border of the triangle is marked by the hinge of the septal
leaflet of the tricuspid valve at the right atrioventricular junction. It is
defined by points M and V, found at 1 o’clock and 5 o’clock when using
the clock model (Figure 21). The triangle is bordered inferiorly by seg-
ment 14, with the border being defined by the geodesic connecting the
point V in the infero-septal aspect of the right atrioventricular junction
and point J, marking the inferior part of the mouth of the coronary si-
nus. Towards the interatrial septum, the triangle is bordered by the
geodesic between point M in the right atrioventricular junction and
point ] at the inferior border of the mouth of the coronary sinus.
This geodesic passes posterior to the mouth of the sinus.

Discussion

Our multi-disciplinary consensus presents a standardized bi-atrial re-
gionalization based on anatomical, electrophysiological, and clinical con-
siderations that can universally be applied to 3D atrial geometries
derived from imaging, electroanatomical mapping or computational
modelling. Three-dimensional imaging and high-resolution electroana-
tomical mapping have now become an integral part of cardiac electro-
physiology and the management of patients with arrhythmias.®>®’
With further technological advances the significance of these modalities
continues to grow.

Clinical and scientific impact

Regional approaches may improve our understanding of atrial cardio-
myopathies and the associated risk of arrhythmias and stroke." It is
now well-established that the regional distribution of atrial arrhythmo-
genic substrates, rather than their mere presence or extent, is a key de-
terminant of the risk of arrhythmias and their underlying mechanisms.
This has been shown for various surrogates of arrhythmogenic substrate
in imaging, such as late gadolinium enhancement in cardiac resonance
imaging, electroanatomical mapping of areas of local low-voltage or
slow conduction, and computational modelling studies."'>#348

Moreover, combining imaging- and artificial intelligence-based meth-
ods, regional morphological features and tissue composition, have been
linked to the risk of stroke.®” It is now the case that 3D imaging and map-
ping technologies allow for the accurate localization of both arrhythmo-
genic and thrombogenic substrates.>>’%~? A universal definition is
required of the atrial regions and their boundaries, nonetheless, if we
are to perform regional quantitative analyses, and to make intra- and
inter-individual, as well as cross-modality comparisons.

Finally, regional assessment of the atria may help to guide personalized
therapies for atrial fibrillation. Based on the spatial distribution of the in-
dividual arrhythmogenic substrate, treatment decisions may be substan-
tiated and targeted regional ablation approaches may be developed.'>"”
Again, to test and establish such personalized therapies, standardization
in terms of well-defined, reproducible target regions will be essential.

15-Segment bi-atrial model

Already in 2002, a scientific statement made on behalf of the American
Heart Association proposed a standardized regionalization of the left
ventricle based on a 17-segment model. This model for the left ventricle
is widely accepted and routinely used.’* There is no comparable stan-
dardized regionalization of the atrial chambers. Our 15-segment
bi-atrial model as presented here, therefore, as far as we are aware,
constitutes the first attempt to provide a comparable standardized re-
gionalization for the atriums. Our proposed model, furthermore, con-
forms to all the criterions forming the basis of the scientific statement
on standardized segmentation as established by the American Heart
Association. In the first place, it maintains consistency with accepted
anatomic and autopsy data. Second, it uses as much as possible the

existing and accepted approaches to myocardial segmentation and no-
menclature. Thirdly, whenever possible it provides precise localization
by using anatomical landmarks. Finally, it permits adequate sampling
without exceeding the limits of resolution of the imaging modalities
or breaching the relevance for clinical and research applications.

Previous atrial regionalizations

Numerous studies have defined atrial components, either to guide
catheter ablation, to study systematically local electrophysiological,
functional or structural properties, or to establish the regional distribu-
tion of arrhythmogenic substrates.’*~>*34%0 The regionalization in
these studies, however, did not aim at universal applicability. Instead,
the regions were established to accommodate the specific demands
of the respective study. Any regional definition published to date, there-
fore, is based on the inherent strengths and limitations of the applied
imaging technique and the specific research objective, rather than on
general anatomical, functional, or electrophysiological considerations.

As an example, in their study using cardiac magnetic resonance to estab-
lish the regional distribution of late gadolinium enhancement as a surrogate
for arrhythmogenic substrate, one group defined 12 segments in the left
atrium.® Because of their specific objectives and methodology, they ex-
cluded the entirety of the right atrium and the left appendage from their
regionalization. They also failed to consider the pulmonary venous antrums
as distinct segments, despite their known electrophysiological properties
and clinical relevance. Similarly, in a recent multi-centric randomized clinical
trial, Huo and associates did not consider the left appendage and the right
atrium when defining atrial regions to determine the regional distribution
of low-voltage areas to be targeted by catheter ablation.' In fact, the ma-
jority of regional analyses, and the corresponding segmental models devel-
oped, have focused only on the left atrium.

All atrial regionalizations of which we are aware to have been pub-
lished to date have in common a lack of precision for definition of
the proposed regions. Because of this, they do not allow for a reprodu-
cible delineation of atrial regions and their borders. This limitation also
applies to the few bi-atrial regional analyses that have been conducted.
While basically considering all relevant regions in the left and right at-
rium for their analyses of local complex fractionated atrial electro-
grams, three studies did not specify the exact borders of the regions
they were investigating."’~'” The bi-atrial regionalization proposed by
Haissaguerre et al. constitutes an example in this respect.™ Their re-
gional analyses of the local drivers of atrial fibrillation determined by
non-invasive electroanatomical mapping is based on a division of the at-
riums into no more than seven segments. This rough division, which fails
to distinguish relevant structures such as the pulmonary venous an-
trums or the left appendage, may accommodate the limited spatial
resolution of their chosen diagnostic modality. It is inappropriate for
higher resolution modalities such as cardiac computed tomography
or endocardial multi-electrode mapping. Hence, it lacks universal appli-
cation. It also fails to detail the exact borders of the atrial regions as de-
fined, thus rendering impossible reproducible regional definition.

In contrast to these previous attempts, when creating our
15-segment bi-atrial model, we defined our chosen segments using
well-established anatomical, electrophysiological, and clinical considera-
tions. The regional borders were clearly defined so as to enable repro-
ducible regionalization. While the segmental borders have been
determined with precision, the model can be readily adapted according
to individual demands. For example, depending on the objective of a gi-
ven study, or the spatial resolution of an underlying method, pre-
specified sub-divisions can be added, or different segments can be com-
bined while maintaining standardized borders.

Standardized nomenclature and axes

Owing to the current limitations and the variable resolution of under-
lying imaging or mapping modalities, along with the relative absence of
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detectable landmarks, we did not consider it appropriate to define the
segments according to anatomical or morphological features. Hence,
the use of standardized axes and planes, as well as an understandable
terminology, are pre-requisites for reproducible regionalization. The
nomenclature we have used complies with the so-called attitudinally
appropriate approach. It uses trans-axial orthogonal projections de-
fined according to the subject standing upright in the so-called anatom-
ical position. This nomenclature was first proposed as early as 1975,
and has gradually been accepted as a general standard.>*?’
Wherever it was more appropriate, nonetheless, we also used the car-
diac long axis when defining the bi-atrial model, as proposed in the sci-
entific statement from the American Heart Association on
standardized cardiac segmentation and nomenclature for tomographic
imaging of the heart."? In this respect, the cardiac long axis is usually well
aligned with the plane of the atrial septum. It is ideally suited, therefore,
to define septal as opposed to lateral, and basal vs. apical, directions in
the atriums.”’

Based on these standard axes, and their corresponding projections,
when anatomical landmarks are lacking, or the spatial resolution of the
underlying modality does not allow for their detection, we have created
auxiliary points and planes to provide reproducible definitions of re-
gional boundaries. The construction of regional borders based on these
auxiliary points and planes might appear somewhat arbitrary. These
borders, furthermore, are not always fully congruent with the anatom-
ical and morphological boundaries. The creation of the auxiliary points
and planes, however, favours reproducibility. Their optional application
allows for accommodation of different degrees of spatial resolution de-
pending on the underlying modality. It remains a fact that, wherever
well-detectable anatomical landmarks or morphological features are
lacking in the context of limited spatial resolution, an inevitable trade-
off must remain between anatomical accuracy on the one hand, and
standardization on the other hand.

Automatic regionalization

Our primary objective when creating our 15-segment bi-atrial model
was to define regional borders with sufficient precision for them to
be delineated in imaging-derived geometries in a reproducible and
investigator-independent manner. As a proof-of-concept, the accom-
plishment of this objective was confirmed by the application of two in-
dependent software algorithms. We found that, when using datasets
prepared with computed tomography or magnetic resonance imaging
to establish atrial geometries from a group of 100 patients, the regional
borders automatically delineated by those algorithms displayed very
good agreement with our proposed regional definitions, thus demon-
strating the reproducibility and universal applicability of the 15-segment
bi-atrial model.?>?* Thus, we could show that our atrial regionalization
is widely applicable and well reproducible. While the automatic algo-
rithms were developed for CT- and MRI images, the bi-atrial model is
readily applicable also to modalities like 3D-echocardiography and
computational modelling of sufficient quality.”®

It is noteworthy, however, that the bi-atrial regionalization model
was not specifically designed for the broad spectrum of congenital heart
disease, and it remains to be determined to what extent our proposed
model is applicable in this context. While the general concepts of the
model should apply universally, specific adaptations of the border defi-
nitions may be required depending on the underlying entity. This is,
however, beyond the scope of this document.

Conclusion

We have presented a standardized regionalization of the cardiac at-
riums for 3D imaging, electroanatomical mapping, and computational
modelling as based on anatomical, electrophysiological and clinical con-
siderations. The reproducibility and universal applicability of the

15-segment bi-atrial model was validated by use of two software algo-
rithms independently developed for automatic regionalization. Our
model, developed by consensus with a large group of experts, will ideal-
ly enable consistent regional analyses and homogeneous data acquisi-
tion across different centres and modalities. It will thus facilitate the
employment of digital health- and artificial intelligence-based ap-
proaches. In this way, we anticipate our model will have a significant im-
pact on arrhythmia research and on personalized approaches for the
prevention and treatment of arrhythmias.
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