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Summary

Although the heart atria have a lesser functional importance than
the ventricles, atria play an important role in the pathophysiology
of heart failure and supraventricular arrhythmias, particularly
atrial fibrillation. In addition, knowledge of atrial morphology
recently became more relevant as cardiac electrophysiology and
interventional procedures in the atria gained an increasingly
significant role in the clinical management of patients with heart
disease. The atrial chambers are thin-walled, and several vessels
enter at the level of the atria. The left and right atrium have
different structures and shape. In general, both atrial chambers
have the venous part, the appendage, and the vestibule;
different aspects of each part allow us to distinguish
morphologically between the left and right atrium. The human
atrial conduction system consists of the sinus node and the
atrioventricular node with no histologically specialized conduction
pathways in the atrial chamber and an interatrial connection. The
data show that the propagation of the impulse depends mainly
on the myocardial architecture in the atria and the orientation of
the myocytes plays a significant role in conduction. To complete
the picture, it is also important to know how the atria develop
and what is the embryonic origin of its different structures, as
this may play a role in the development of some pathological
conditions such as atrial fibrillation or certain types of congenital
heart defects. Functional impairment of the atria can in some
situations severely compromise heart pumping function, and
conversely, can support it if other areas are damaged, balancing
the blood flow to the body for some time.
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Introduction

The atria were often overlooked by the
researchers because of their lesser functional importance
[1] compared to the ventricles. As the number of
catheterization and ablation procedures increases,
clinicians should be aware of anatomical variations to
avoid severe complications during procedures [2]. As
some of the cardiac morphologists stress in their work, all
should take in
consideration its appropriate position to be precise in its
description [3,4]. The atrial chambers [5] have thin wall
and several vessels are entering at the level of the atria.
Left and right atrium (LA and RA) have different

structures and shape that allow us to recognize one from

description of the human heart

the other. The more attention should get not only already
known structures but also the structures such as pectinate
muscles (musculi pectinati, PM) which could eventually
have some scientific and clinical importance. From the
evidence we already know that the pectinate muscles
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show a lot of individual variation in morphology [6] and
the human LA is smoother overall than the RA in
adulthood, which results from their distinct development
[7]. Clinicians focusing on electrophysiology should be
aware of the anatomical features of the atria and their
variations and potential risks coming from these
differences. The aim of this review is to summarize
relevant facts about atrial structures, how they develop,
and how they are adapted to their function. The concept
of “Form follows function”, the driving idea of modern
American architecture, introduced by Louis Sullivan and
Frank Lloyd Wright [8] — obviously applies well also to
the achievements of nature’s engineering, such as the
cardiac atria, as we want to demonstrate bellow.

Gross anatomy

The right atrium

The right atrium is normally located on the right
side of the heart, forming the right contour of the heart
shadow on the X-ray, and is connected to the right
ventricle via the tricuspid valve. The first part is called the
venous part where the systemic veins are connected. The
superior and inferior vena cava enter the posterior part of
the right atrium. The wall of the venosus part is smooth.
The second part is termed the right atrial appendage
(RAA), or auricula dextra, and is larger than the left atrial
appendage (LAA) (Fig. 1). These characteristics make it
possible to distinguish between the left and right auricle.
The RAA is trabeculated (Fig. 1B), dominates the right
atrium [5] and is separated from the venous part by the
crista terminalis or the terminal crest (TC). The part of
TC located at the interatrial groove contains a muscular
fascicle called the Bachmann’s bundle (BB) that extends
into the left atrium, which is apart of the conduction
system (CS) [5,9]. The atrial trabeculations are known as
pectinate muscles, the largest one is called faenia sagittalis
(TS) [6], which has been described as a single, double, or
triple trunk that separates two parts of the RAA — the
proximal antral and the distal saccular RAA region [10].
The RAA was divided into five different types: a horse
head, a parrot beak, an anvil, asailboat, and a fifth
‘undefined’ shape [11]. The atrial wall between the
pectinate muscles is thin and transparent [12] with
histologically only a few strands of myocytes sandwiched
between the epi- and endocardial surface [13] or also
described as almost nonexistent in this area [12] presenting
a potential risk of perforation during placement of the atrial
pacing electrode lead. The TC was described as a natural

barrier to the CS [9]. Eustachian valve is the formation
between the anterior border of the inferior vena cava
orifice [14] and the RAA and during fetal development
redirects the blood flow to the patent foramen ovale (PFO),
which is one of the fetal shunts. Its form is usually
If the
Eustachian valve is enlarged and fenestrated, it is called

a crescent-shaped fold of endocardium [14].

a Chiari network [5], but it is also absent in about one third
of cases [14]. An enlarged Eustachian ridge may create
a line of fixed conduction block during typical atrial flutter
[14]. The Thebesian valve is a similar structure that
separates the coronary sinus from the atrial appendage. The
Thebesian valve, which usually covers the coronary sinus,
can be present in five shapes — elliptic, semilunar, remnant
fold, cord, mesh, and fenestrated — and if enlarged, it can
cause a significant obstacle to coronary sinus cannulation
[14]. The ostium of the coronary sinus is usually located
between the inferior vena cava and the tricuspid valve. In
case of an enlarged coronary sinus, there is an increased
risk of the atrioventricular nodal re-entrant tachycardia
(AVNRT) [15].
Eustachian valves meet posteriorly is known as the fibrous

The place where the Thebesian and

tendon of Todaro [3]. It forms an apex of the Koch’s
triangle and can only be identified microscopically [15].
Koch’s triangle is a very important region because it
contains the atrioventricular (AV) node, which is located in
its apex. For this reason, it is not advised to do ablation of
the paraseptal isthmus, the base of Koch’s triangle, as it
could potentially damage the AV node and lead to
complete conduction block; however, the Koch’s triangle
plays a role in the pathophysiology of AVNRT [15]. The
orifice of the superior vena cava has no anatomical
obstacle [15]. The left atrium is separated by the interatrial
septum. The cavotricuspid isthmus is the place between the
inferior vena cava and the ostium of the tricuspid valve.
The isthmus is a place for ablation in patients with typical
atrial flutter which is the isthmus-dependent variant and is
the most prevalent in the population [15].

The left atrium

The left atrium has the same features we can find
in the right atrium — i.e., the venosus part, the vestibule,
and the atrial appendage (Fig. 1). The venosus part of the
left atrium is also smooth-walled and contains, in
anormal heart, the orifices of four pulmonary veins
(PVs). These PVs can vary in their number and
arrangements. If we talk about anatomy in the heart,
where everything is anatomically correct, we can find two
PVs entering on the right side and two entering on the left
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Fig. 1. Morphological overview and anatomical preparations of the human atria. (A) view of the roof of the atria and (B) view of the
RAA and interatrial septum, (C) view of the vestibule and (D) view of great arteries, mitral ostium and LAA. Ao = aorta, AoV = aortic
valve, FO = fossa ovalis, IAS = interatrial septum, IVC = inferior vena cava, LAA = left atrial appendage, LCA = left coronary artery,
LSPV = left superior pulmonary vein, MV = mitral valve, Pu = pulmonary artery, PV = pulmonary valve, RAA = right atrial appendage,

RCA = right coronary artery, RSPV = right superior pulmonary vein, SVC = superior vena cava, TV = tricuspid valve, TC = terminal
crest, * = limbus of fossa ovalis, light blue = appendage, green = vestibule, brown = venous part, yellow = interatrial septum, red =
aorta, dark blue = pulmonary artery.

side. The left ones are located more superiorly than the
right ones [16]. Patients with chronic atrial fibrillation
(AF) have superior PVs larger than the inferior ones and
the right ones larger than the left PVs [17]. In the
congenitally malformed heart, we can find numerous
variations such as a total anomalous pulmonary venous
connection, where all the PVs do not enter into the left
atrium directly, but the drainage ends in the right atrium,

e.g., via a vertical vein that enters the superior vena cava
or a partially anomalous pulmonary veins connection
where one or more pulmonary veins do not enter in the
left atrium. We can sometimes find an accessory
pulmonary vein from the right or left lung [18]. The
thickness of the left posterior atrial wall is not uniform
[13]. The vestibule of the morphologically left atrium
contains a mitral valve that normally opens into the left
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ventricle (Fig. ID). The LAA is smaller than the right
one, its ostium is smaller and contains muscle bundles in
all areas. The wall in between the PM is paper-thin [13]
which should always be taken into account when ablating
near the LAA orifice [16]. The site separating the left PV
and the LAA orifices is called the left lateral ridge [13],
also known as the Coumadin ridge [23], and described by
Keith in 1907 as the left taenia terminalis [16]. Some of
the researchers try to look deeper and evaluate the shape
of the LAA and they tend to differentiate between four
shapes [19] such as cauliflower, chicken wing, cactus,
and windsock [20] and they also correlate these
morphology types with their role in and a relative risk of
thromboembolic events in patients with AF [16,20]. As
the incidence of AF is increasing worldwide over the
years [21], several studies have been performed in
patients with AF and there is evidence of a different
anatomy than in patients without AF. Several studies
found that patients with chronic AF have anatomic
remodeling of all LA structures such as dilation,
which
correspond to increased LA volume, PVs ostia and
LA appendage, and thickening of the LAA with the
appearance of endocardial fibroelastosis, in contrast to

stretching and reduction of PM volume,

patients with paroxysmal AF [17]. The atrial wall
thickness is not uniform in the LA and in patients with
AF is smaller in the middle and between the inferior
venous orifices in comparison to those without AF [22].
The shape of the LAA is important in patients with AF,
as the studies have shown that the more complex it is, the
higher risk of thrombus formation [20]. The other
important factor for thromboembolic events is also the
diameter of the LAA ostium, where a wider LAA ostium
is prone to systemic embolization during AF [20]. In
another study, the authors focused on comparing the
mitral isthmus and the LAA isthmus as a new potential
ablation site. The mitral isthmus is located between the
left inferior PV orifice and the mitral annulus and the
LAA isthmus line are located between the LAA orifice
and the mitral annulus. In this study, the first of these was
found to be longer and more structured than the second
one in all cases, which could lead to problems with
entrapping of the ablation catheter. These structures are
remnants of the PM extending from the LAA [23]. The
LAA isthmus line is always shorter and the LAA isthmus
is almost in every case smooth [23].

The interatrial septum
The interatrial septum separates the right atrium

from the left atrium. It consists of several parts. The
inferior part is considered as the main component of the
interatrial septum and is composed of the oval fossa
(fossa ovalis) and its muscular rim (Fig. 1). The superior,
antero-superior, and posterior portions are not considered
as components of the true septum because they are
formed by the infolded wall of the atrial roof between the
superior caval vein and the right PVs [13,24] and cannot
be excised without perforating the external wall of the
heart [15]. The groove that can be seen from the outside
of the heart in this place is known as Waterson’s groove,
and together with the epicardial fat it also usually
contains the artery that supplies the sinus (SA) node [15].
We can observe different types of anatomy of the atrial
septum — smooth, PFO and different types of atrial septal
pouch. The PFO is one of the most common pathologies
present in up to 25 % of adults [25]; however, diagnostic
tools are limited as it is not often seen in adults on
transthoracic echocardiography unless an ultrasono-
graphic contrast agent (glucose mixed with air bubbles) is
used. Alternatively, transesophageal echocardiography
can be used to diagnose PFO. In addition, there is
a difference in incidence between young adults and the
elderly people, showing a tendency for its continued
obliteration with age [26]. The third type of anatomical
variation of the atrial septum is the atrial septal pouch,
which was first described in 2006 as a cavity within the
interatrial septum [27] or, by definition, incomplete
fusion of the septum primum and secundum when the
PFO is absent [28]. Holda et al. performed a study to
clarify the variations of the atrial septum and found left-
sided, right-sided, and double septal pouch with higher
prevalence in elderly people compared to the PFO in
young adults [29]. The clinical relevance has not yet been
studied in depth, but the data suggest that this anatomical
should be with
cryptogenic stroke as the left-sided septal pouch increases

variation considered in patients
the risk of blood stasis and thrombus formation. Another
recent study also showed an association between left-
sided septal pouch and the risk of atrial fibrillation and

cerebrovascular events [30].

The atrial myoarchitecture

Atrial myocytes are smaller comparing to the
ventricular ones, have a shorter action potential duration
and contain more of a fetal type of myosin and also atrial
natriuretic peptide granules [31]. Two types of myocytes
can be distinguished: working and conducting myocytes;
the latter ones are not always clearly differentiated in the
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atrial chambers. The muscular sleeves found around the
pulmonary veins normally contain bundles that are
mostly oriented in a circular, oblique, or longitudinal way
[16]. These muscular sleeves are supposed to contain
specialized conducting myocytes described by
Monckeberg and Aschoff in 1910 [3]. The so-called
venoatrial junction, the site between the LA and the PVs,
is normally smooth without folds [16]. Many researchers
have previously described the possible focal activity in
the muscular sleeves around the PVs [32] and caval veins
[33] which can trigger the atrial arrhythmias by
premature ectopic beats [15]. Myocytes crossing the
Marshall vein can connect the Coumadin ridge with the
free wall of the LA, the muscular sleeve of the coronary
sinus, venoatrial junctions of PVs, and the pulmonary
sleeves. This area is a recognized AF trigger point —
asource of ectopic activity that initiates fibrillatory
activity throughout the atria [16,34]. The arrangement of
the myocytes, and thus the myofibers, plays a role in
conducting the signal throughout the chambers [5]. As we
have already established that the atrial chambers have
different thicknesses of different parts of the wall, there
has also been shown a connection between the
arrangement of the myocytes and preferential pathways.
We can see that in the thickened parts of the wall, such as
TC or BB, the myocytes are parallel and, therefore, the
propagation of the electrical impulse is faster than in the
other parts where the myocytes are more irregularly
aligned [3]. Generally speaking, the myocytes are aligned
parallel to the atrioventricular grooves in the vestibule,
but transversely across the atrial roof [3].

Pectinate muscles in the atria

The PM play a specific role in atrial conduction
and are therefore as important to the electrophysiologists
as the TC. The most important types are those with more
complex fibers, as they are more susceptible to be
damaged during procedures. There is a risk of the
catheter getting stuck between the PM or of atrial
perforation [2].

Morphology of the PM

The PM are the luminal trabeculations of the
atria. They can be found in the RAA, where they extend
from the TC like the feeth of a comb [35] as well as in the
LAA (Fig.1). These
morphologically distinguish the left and right atria [1]

structures allow us to

and their morphology also shows a lot of individual

variation [6]. PM may help to improve atrial contractility
and also prevent excessive dilation of otherwise thin-
walled atrial chambers (unpublished data). The PM have
some characteristics such as automaticity and
contractility. They can also develop a uniform and much
larger amplitude of contraction which shows a great
potential for experimental evaluation of the effect of

inotropic and chronotropic agents [36].

Development of the PM

Atrial trabeculations start to form at 5 weeks
(Carnegie stage 16) in humans, at the 12" day of
gestation in mouse, and at 5™ incubation day (Hamburger
and Hamilton stage 27) in chick [1]. During human
development, PM start to form first in the right atrium
[4]. The left atrial wall in the embryo is smoother than the
right atrial wall, which persists into adulthood [37].
Although in ventricles there is less right than left
ventricular myocardium, in the atria, there is consistently
less left than right atrial myocardium [7]. This could
suggest that the reservoir function of the LA is more
important than that of a contractile chamber and that the
left ventricle works better as a suction pump comparing
to the right ventricle. Recently, it has been demonstrated
in zebrafish model that the cellular and molecular
mechanisms playing role in formation of atrial muscles
structures are different from the ventricular ones [38].

Patterns of the PM

The pattern of PM, which roughens the luminal
surface, is similar to the veins of a leaf, but there can be
significant differences between species [1]. Siddiqui et al.
[2] proposed 6 types of patterns of pectinate muscles and
3 types of TS. In the RAA, PM could be found in an
arrangement perpendicular (type 1) or parallel (type 2) to the
TC, or a combination of both (type 3). The other types found
are described as the branching (type4), interlacing
trabeculations (type 5), and prominent muscular columns
(type 6) of pectinate muscles. TS was either absent (type A)
or seen as a single (type B) or multiple trunk (type C) [2].

Surface area of PM

Several researchers paid attention to different
attributes in the LAA in patients with AF. Peterson in
1987 observed the LA in patients with chronic AF during
echocardiographic examination. Ernst in 1995 compared
the casts of the LA of patients with AF and those with
sinus rhythm [39]. Shirani and Alaeddini focused on the
LAA during the necropsy of the hearts of patients with
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and without chronic AF [40].

concluded that the volume of the LAA is increased in

These experiments

patients with AF compared to those in the sinus rhythm;
finally, those with chronic AF had a greater volume of the
LAA than those with paroxysmal AF. Shirani and
Alaeddini also examined the surface area of the transected
PM in these hearts. They found that the PM occupied 7 to
85 % of the total LAA surface area and nearly % of
patients with chronic AF had endocardial fibroelastosis in
the LAA, which resulted in a smoother LAA luminal
surface and encased the pectinate muscles (embedded in
the thickened fibrotic endocardium) and decreased the
PM percentage of the total LAA surface [40].

Our area of interest in the atrial chambers are
also PM which have not yet received enough attention,
compared to the trabeculae carnae in the ventricles. We
were interested in the relative mass of the PM during
development in reptiles available in our lab. As a proxy,
we performed a study of the relative surface area of the
PM on histological sections [41] of Siamese crocodile,
Corn snake, Central bearded dragon, and Leopard gecko
(Fig. 2). We measured the total surface area of the PM in
the RA and LA during different stages of embryogenesis
(Fig. 3) and expressed it as a percentage of the total atrial
myocardial cross-sectional area. In the hearts of the latter
two, the surface area of the PM occupied similarly around
20-45 % of the total surface of the RA and the LA. The
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PM in the heart of Corn snake occupied 40-56 % of the
total volume of both atria. The most variable results were
found in the hearts of Siamese crocodile where the
surface of the PM varied from 21 to 71 % in the RA and
from 28 % to 61 % in the LA. While in general the
smaller hearts have a more extensive PM network [1]
than the larger ones, these results suggest that other
factors may be at play, at least in the reptiles.

Atrial conduction system

The atrial conduction system consists of the SA
node, AV node, internodal tracts, and interatrial connections.
The criteria established Monckeberg and Aschoff for
conducting tract cells are not applicable to atrial conduction
cells, as both the SA and AV nodes do not fulfill the criteria
[42,43]. Anatomic substrates for normal and abnormal
conduction can be found in the atria [44].

SA4 node

The sinus node was discovered by Keith and
Flack in 1907 and is described as a crescent-shaped [15]
or spindle-shaped structure [44]. Its morphology is
simpler than that of the AV node and is located in the
superior cavoatrial junction [15]. Its function is known as
the physiological pacemaker of the heart [15] and it
serves to activate the atrial myocardium. The SA node
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Fig. 2. Graphs showing the proportion of cross-sectional surface area of PM during embryonic development of (A) Siamese crocodile
(Crocoalylus siamensis), (B) Leopard gecko (Eublepharis macularius), (C) Central bearded dragon (Pogona vitticeps), (D) Corn snake
(Pantherophis guttatus). Note that in all species, the PM form about 50 % of the atrial muscle in both atria. RA = Right atrium, LA =

left atrium.
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Fig. 3. Histological sections of non-model reptilian species during different stages of embryogenesis. Immunohistochemical staining
with anti-smooth muscle actin antibody [41]. Siamese crocodile (A) 13 and (B) 27 days post oviposition and Central bearded dragon
(C) 28 and (D) 55 days post oviposition; RA = right atrium, LA = left atrium, * = interatrial septum, scale bar corresponds to 100 um.

contains histologically specialized cells that are not
insulated from the working atrial myocardium with
a small zone of interposing cells [44]. The transitional
cells are limited to short tongues that interdigitate with
musculature of the TC [44]. The transitional cells have
ultrastructural features of Purkinje cells but also some of
those of regular working myocardial cells [45].

AV node

The AV node was first described in the study of
Tawara in 1906. It is a compact node with characteristic
half oval of distinctive

histologic appearance —

interweaving cells, in the direction to the atria, it often
bifurcates [44]. It is located in the apex of the Koch’s
triangle [13]. It is not insulated from the working atrial
myocardium [44] and it is surrounded by an area of
transitional cardiomyocytes [15]. The node itself occupies
a smaller area than the transitional cells around it. There
are no precise morphologic criteria for these transitional
cells, but their arrangement was described as a circum-
ferential cap [44]. The transitional cells entering the
Koch’s triangle and joining the node superiorly, inferiorly,
posteriorly, and from the left [44]. The distal extension of
the AV node is distinguished by the presence of a fibrous
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collar surrounding the specialized cells [44].

Internodal and interatrial connection

Electrical activity spreads radially in the atria
[45]. The impulse seems to spread more or less in
concentric isochronal lines with a suggestion of a more
rapid propagation along the BB and a preferential
pathway around the taenia terminalis [46]. The BB is
a fundamental connection of the RA and the LA for
spreading the impulse from the SA node [47]. The atrial
myocardium, unlike the ventricular bundle branches, does
not contain any insulated or discrete conducting pathways
[44]. As already mentioned previously, it seems that the
propagation of the signal is depending on the orientation
of the myocytes and fibers. Evidence shows that
PM contain fibers in the parallel orientation which favors
preferential conduction. The orientation of the fibers can
also present morphological substrate for reentry and AF
which is caused by heterogeneities in fiber orientation
[1]. There are no insulating fibrous sheaths around
muscular bundles, the supposed atrial tracts merge with
the atrial myocardium [44]. The transitional cells found
around the nodes interpose between the working atrial
myocardium and the unequivocally specialized compact
AV and SA nodes [44].
histologically between the AV node and the proximal

We cannot distinguish

penetrating bundle. The bundle entering the fibrous body
shows an insulating collar, therefore, no atrial events can
influence the conduction [44]. Cells proximal to the
central fibrous body can function as inputs into the
conduction axis [44]. There is evidence that some
internodal tracts are present [48]. We can distinguish
three tracts connecting the SA and AV nodes — the
anterior, the middle and the posterior tract. There is still
a lot of controversy about these tracts, because there are
no strictly specialized pathways that would be formed
exclusively by Purkinje fibers, as in the ventricles, but
there are tracts mixed with fibers of the working
myocardium [45]. The anterior and middle one come to
the crest of AV
approaching AV node and the posterior tract contains so-

node while intermingling when
called bypass fibers as this tract passes along the convex
right atrial surface of the AV node and enters its lower
position. In all tracts, Purkinje fibers are found with
fibers, and all
communicate [45]. Cells shorter and broader than

ordinary myocardial three tracts
working myocardium are found in the BB and the
Eustachian ridge and possess the cytologic characteristics

of Purkinje fibers [45].

The most important milestones
vertebrate cardiovascular evolution

during

The heart differs among vertebrate species from
cardiac evolution point of view [49]. First appearance of
a chambered heart could be observed in the jawless fishes
(agnathans) [50] followed by development of a conus
arteriosus in cartilaginous fish, with its presence also in
teleost fish [51]. Then comes the first full atrial septation
in lungfish [52] and evolution continues with the
transition to the terrestrial life-style in amphibians, where
the metamorphosis plays the main role in cardiovascular
evo-devo [53]. In Sauropsids, which cover the reptilian
and avian lineages [54], there is a great diversity in
cardiac structures such as numbers of chambers and
levels of ventricular septation [55] from spongy hearts in
geckos or agamids, e.g. Leopard gecko (Eublepharis
macularius) or Central bearded dragon (Pogona
vitticeps), without ventricular septation [56]. These
species, with similar cardiovascular system [56,57],
however, represent different life-histories [58,59] and
their positions in squamates phylogenetic tree differ with
the closeness of Central bearded dragon to monitor
lizards in comparison to basal leopard gecko [60].
Another peculiar feature in squamate cardiovascular
system lies in presence of almost septated ventricle in
pythons [61] and monitor lizards [62], which could be the
plesiomorphic state between snakes and varanids [63,64].
The final milestone is the full ventricular septum in
archosaurs — crocodylians, dinosaurs, and birds [65] as
well as in mammalian linecages [66] as a result of
convergent evolution [67]. This crown lineage, termed as
Archosauria [68], is characterized by a fully septated
ventricle in Crocodylia and Aves [69], because birds are
the sister group to crocodylians [70]. In dinosaurs, which
are generally viewed as part of archosaurs [71], the fossil
record of the heart is not known because soft tissues and
organs do not fossilize easily [72]. Nevertheless, it is
premised, that the cardiovascular system could be similar
to the avians and crocodylians [73] and all lineages are
probably originally endothermic [74]. It should be
noticed here, that the synapsid (mammalian) heart is also
bearing the reptilian features such as presence of the sinus
Monotremata [75]
an important part of the synapsid lineage [76]. Moreover,

venosus in, e.g., which are
sinus venosus is also presented in placental hearts as
sinum venarum [77] in the right atrium, even in humans
[78].
sauropsid (reptiles and birds) and synapsid (mammals)

However, there are also differences among
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lineages in terms of cardiac evolution, especially in both
aortic arches present in reptiles, in the right aortic arch
presents in birds, and in the left aortic arch presents in
mammals [79] or in the presence of a fully developed
cardiac conduction system convergently evolved in birds
and mammals [80].

The most conspicuous anatomical variation in
the hearts is in the number of PVs. The human heart has
four PVs, however, mouse [81] and chick have only one
PV entering the LA with a solitary orifice. The
development of the pulmonary venous connections is
similar in the chick, the mouse, and the man [82]. When
we compare the atria of different species, we can find
a different level of trabeculation. Zebrafish has a more
complex structure of the PM compared to mouse or
human. There is a difference in development of PM
between mouse and human, as there is evidence that
during mouse development, the PM develop in both atria
simultaneously, but this is not the case in human, where
the RA acquires PM prior to the LA [7]. The shape of the
heart varies with the body size as well as the location of
the heart in the body. It is also connected to the heart rate.
Generally speaking, the faster frequencies are found in
species with smaller size and, similar to human, in young
animals the heart rate is higher comparing to the adults.
The other noticeable difference is a different ratio
between atrium and ventricle. The size of the atrium, its
function, and frequency can show a certain relationship.
For example, a fin whale has heart rate around 9 beats per
minute so there is a need for bigger atria because of their
function as a blood reservoir during ventricle systole, and
therefore, for bigger heart. In comparison, heart rate of
a hummingbird can be up to 1200 beats per minute so
there is not so high blood volume coming into the atria
during ventricular contraction and the atria can thus be
relatively smaller.

The development of cardiac atria

It is important to understand how the atrial
chambers and their parts develop during embryogenesis.
The data are quite limited, but we already have some
insights into the process. The definitive atrial chambers
and their parts do not all form from the same embryonic
tissues. First, the embryo is formed into a disc with the
primitive streak. This is found at Carnegie stage (CS) 7,
which corresponds to approximately 16 days of human
development. Then, during gastrulation, there are cells
migrating from the sides of the streak to so-called heart-

forming regions, which are located on both sides of the
midline of the disk [81]. It is already known that there are
two waves of migrations of these cells. The first lineage
forms the primary cardiac crescent, which does not
contribute cells for the entire heart tube. Thanks to
advanced molecular techniques, it has been found that
there is also a secondary heart lineage. These two
lineages give rise to different structures. The precursor
cells for the atrial chambers come from both lineages,
same as the origin of the right ventricle, but the majority
of cells comes from the second lineage. Left ventricular
precursor cells are provided from the primary cardiac
crescent and the outflow tract is derived exclusively from
the second lineage [81]. The formation of the atrial
chambers is one of the many steps during heart
transformation into a four-chambered organ and they
form up to CS11 (around 22 days) [83]. After migration
of the precursor cells, the heart tube represents the first
step in heart formation. The tube elongates by addition of
the second heart field cells; as a result, it bends to the
right side, loosing its initial symmetry. This phase is
called cardiac looping. The development of the atrial
chambers, as well as ventricular ones, is known as
ballooning. 1t is an expansion of the pouches from the
primary heart tube, underlined by myocyte proliferation.
At the inlet of the tube, the incorporation of the draining
channels forms the primordium for formation of both
definitive atrial chambers. The myocardium that forms the
walls of the pouches conducts the cardiac impulse more
rapidly compared to the primary myocardium that forms
the wall of the heart tube [81]. The venous components
come from different embryonic tissues [3]. The systemic
veins become a part of the heart as the primordium of
a common atrium, with its right and left halves determined
by the persisting connection to the embryonic body
through the dorsal mesocardium. The right and left atrial
pouches differentiate from the common atrium to the sides
of the developing arterial pole [81]. The development of
the PV is delayed compared to the formation of the
systemic venous tributaries. Venous components start to
form around 4 weeks of human development. In human
embryonic development around 4 weeks of gestation
(CS12), the lungs are not yet developed, so pulmonary
venous structures are not present. Some researchers state
that the first sign of PV is seen in CS13 (approximately
28 days) [83] and during the beginning of the 5" week of
gestation as an invagination of the posterior wall of the LA
into the dorsal mesocardium [84], but this still remains
controversial. In the dorsal mesocardium, the PV canalizes
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from a mid-pharyngeal strand at around 6 weeks of
development in the human and opens into the atrium
between the ridges marking the site of the dorsal
mesocardial connection [85]. The pulmonary venous
channel can be distinguished at approximately CS12
(4" week of gestation) [81] and from the evidence we have
from studies performed on mouse, it becomes evident that
the PV is formed from different tissue than the tributaries
of the systemic venous sinus [86]. The data show that the
origin of PV is from the mediastinal myocardium, which is
the same as for the atrial septum [3]. The evidence of
connections between the LA and PVs is at Carnegie
stage 14 (5™ week of gestation) [7]. The beginning of atrial
septation corresponds the emergence of the primary atrial
septum (septum primum), which happens during CS14 to
CS16 (5™ to 6™ weeks) [83,87].

Molecular markers of atrial development

Two proteins help us to distinguish between the
primary myocardium and chamber myocardium. The first
one is connexin40, which is a major gap-junction protein
in the atrial myocardium [88] and the other one is
natriuretic precursor peptide also known as atrial
natriuretic peptide (ANP). Both can be found in the
chamber (secondary) myocardium, but none in the
primary one. When we look closely at the different parts
of the heart, these proteins help us to clarify their origin.
The atrial pouches, as well as the apical parts of the
developing ventricles, are positive for connexin40 and
ANP. These findings show that those structures are
derived from the
atrioventricular canal and the walls of the systemic

secondary myocardium. The

venous components are both negative for both markers,
so their origin is from the primary (tube) myocardium.
Parts localized in the dorsal mesocardium stain positively
for connexin40 and negatively for ANP. Such part of the
myocardium is called the mediastinal myocardium, which
is distinct from both the primary and secondary one. Such
combination is found in the PV and its myocardium,
which
therefore, it is a fast-conducting myocardium and not the

is connexind40 positive but ANP negative,

slowly-conducting primary myocardium [81]. Another
useful marker is pitx2. This marker stains positively the
sites that express the gene determining morphological
leftness [81]. Thus, only the future LAA stains positive.
The primary atrial septum stains positively only for
connexind40 and divides the common atrium into two
parts. It also stains positively for pitx2 which shows that

Vol. 73
it originates from the left side [81].
The atrial function and clinical
pathophysiology

Although the function of the ventricles was
extensively studied and is the major subject of clinical
echocardiographic evaluation, the atria received less
attention.

The atria serve 3 main hemodynamic functions
during cardiac cycle [89]:

1. Blood reservoir during ventricular systole.

2. Conduit between caval/pulmonary veins and
ventricles in early diastole.

3. Contractile chamber in late diastole.

The early phase of LA reservoir function is
assisted by descent of mitral/tricuspid valve anulus in
systole which causes suction of blood to the respective
atrium [90].
influenced by atrial compliance [91].

The atrial reservoir function is also

The cardiac diastole is divided into 3 phases:

1. phase of rapid ventricular filling corresponding to
atrial conduit function.

2. diastasis with equilibration of pressures between
atria and ventricles.

3. phase of late diastolic filling provided by the atrial
contraction.

Atrial contraction results in the so-called atrial
kick (AK), which adds the volume to ventricles in late
ventricular diastole that contributes up to 20-30 % of total
volume in total cardiac output (CO) [92]. The loss of AK
can be caused by atrioventricular dissociation and is
called atrioventricular uncoupling [93]. The typical
scenario of a lack of AK and, therefore, changes in
hemodynamics, is seen in patients with AF. The atrial
wall is moving quickly with the high frequency during
AF and the atria are thus not able to pump blood
effectively to the ventricles [94].

A different situation occurs in junctional ectopic
tachycardia, where the atria are activated retrogradely
through the AV node and contract during ventricular
contraction when are the atrioventricular valves closed.
This results in retrograde AK to the caval and pulmonary
veins — so-called “cannon waves” in central venous
pressure monitoring [95]. Another type of atrioventricular
uncoupling is seen in a first-grade atrioventricular block.
Atria contract too early in diastole, interfering with the
rapid filling phase. The long period of equilibrated
pressures between atria and ventricles, corresponding to
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the long PR interval on the ECG results in late diastolic
regurgitation of the atrioventricular valves [93]. Loss of
AK is generally well tolerated in an otherwise well-
functioning heart. However, in patients with already
impaired ventricular function, or in patients with a less
compliant ventricle (due to hypertension, aging, or
fibrosis) that is much more dependent on the atrial
contribution, it could lead to a decreased CO. This can be
seen in patients with AF, AV block, univentricular
circulation or after surgical correction of complex
congenital heart diseases. This is the reason why
arestoration of atrial rhythm by cardioversion, or atrial
pacing in a case of dissociation between the contraction
of atrium and ventricle can improve atrioventricular
synchrony and increase CO [96].

The heart also serves as an endocrine organ as the
LA contains sensors which asses the volume of blood and
release the ANP in response to fluid overload [97]. The
atria, particularly in the compliant appendages, are also
densely innervated by autonomic nerves that participate in
volume sensing. Francis A. Bainbridge discovered during
his experiment on dogs in 1915 a reflex increasing the
heart rate as a consequence of increased volume of blood
which is detected by baroceptors located in both atria.
However, the most important component of this reflex is
the right-sided baroreceptors [98].

In clinical practice, the function of the atria can be
assessed by echocardiography or by catheterization; for
research purposes, atrial function can be more precisely
assessed by simultancous pressure-volume (PV) analysis
(Fig. 4). The maximal volume of the atrium indexed to body
size (left atrial volume index, LAVI), that is calculated from
2D echocardiography, is considered as basic but non-
specific marker of the atrial function and its hemodynamic
loading. The more specific indicators are derived from
spectral pulsed Doppler imaging of ventricular filling —
alate active filling phase representing atrial contraction
(A-wave), the peak velocity of the A-wave and its velocity
time, the atrial fraction, and the atrial ejection force.
(Fig. 4A) The peak A-wave velocity is influenced by heart
rate, loading conditions and normal aging [90]. 2D speckle-
tracking imaging has been recently used as one of the
methods to assess deformation of the atria. The software
calculates the longitudinal strain and strain rate for each
segment of the atrium, which provides us with data about
physiological features regarding atrial functions (Fig. 4B)
[99]. Some of the conditions i.e. pulmonary hypertension
can be associated with impaired reservoir and conduit
function but enhanced active contractile function [100].

Pmin-

LA volume

T
vmax

vmin

vdiastasis

Fig. 4. The echocardiogram showing (A) transmitral Doppler flow
representing filling of the left ventricle, (B) 2D speckle-tracking
imaging assessing the LA where peak of the curve (*) shows the
LA reservoir function, (C) PV loop of the LA (from Melenovsky et
al. [109]; LV = left ventricle, LA = left atrium, E = the passive
filling of the ventricle during diastole, A = the late active filling
phase representing atrial contraction, P = pressure, V = volume,
a loop = atrium loop, v loop = ventricle loop, @ = LA stiffness is
represented by slope of dashed line that connects maximal and
minimal pressure-volume points.

PV loop (Fig.4C) is a graphic, which gives information
about changes between atrial pressure and volume during
the cardiac cycle. The atrial PV loop is different from the
ventricular loop. The ventricular loop contains information
on different phases of the cardiac cycle such as ventricular



S708 Neradilova et al.

Vol. 73

filling, isovolumic contraction, ejection and isovolumetric
relaxation, the phases which take places during diastole and
systole [101]. The atrial PV loop represents the reservoir,
conduit and stroke volume that correspond to almost every
purpose of the atrium [102].

The RA is an important structure for cardiologists.
In addition to containing the cardiac pacemaker and its
importance during surgeries, it is also the implantation site
of atrial leads during placement of cardiac pacemaker. The
coronary sinus in the RA allows to transvenously reach
lateral wall of the left ventricle to place there a lead for
chamber resynchronization pacing (cardiac resynchro-
nization therapy) in patients with damaged ventricular
conduction. In patients with right ventricular overload or
right heart failure, the right atrium dilates, develops
hypertrophy, and even more contributes to work of the right
heart; the loss of right atrial mechanical function due AF has
then particularly detrimental effects. In a diseased heart,
RA is also the place of atrial flutter — a common macro-
reentrant tachycardia that goes through cavotricuspid
isthmus; the application of radiofrequency (RF) energy
(RF ablation) of this isthmus eliminates atrial flutter. The
right atrium can also be a location for thrombi formation,
which could lead to pulmonary embolism and in the settings
of PFO to paradoxical embolism into the systemic
circulation (e.g. may lead to stroke).

The LA is frequent site for development of
arrhythmias, most often AF. Long-term exposure of the
atrium to increased hemodynamic stress leads to changes in
atrial
inflammation,

cardiomyocytes and  extracellular  matrix,

tissue fibrosis and increased electrical
heterogeneity, thus favoring the persistence of micro-
reentrant circuits of AF [103-105]. While foci of ectopic
activity in PVs are necessary for initiation of AF (as
described above), structural remodeling of atrial tissue is
necessary for AF persistence [34]. Localized application of
RF ablation to the atrial tissue leads to interruption of
conductive properties of the atrial myocardium without loss
of structural
percutaneously via a transvenous catheter, it is possible to

integrity. With this approach, applied
electrically isolate PVs from atria and prevent AF initiation
[32]. Simultaneously it is also possible to create linear
lesions in the LA that prevent persistence of AF. Such
ablation therapy represented a breakthrough in treatment of
AF and very often lead to complete elimination of the
arrhythmia. Besides RF energy or cryoablation, the
application of pulsed field energy now appears to be an even
more effective approach how to create non-conducting
lesions in the atria [106]. Given the fact that AF is the most

common of arrhythmias and is associated with considerable
morbidity and mortality due to risk of stroke or heart failure
[107], it is evident that effective treatment of AF by catheter-
delivered therapies attracted enormous interest in the
medical community.

The LA has also
development of heart failure, particularly in patients with

important role during
impaired diastolic function [108,109] and in patients with
heart failure with preserved ejection fraction of the left
ventricle (HFpEF) [110]. The LA can increase its work and
help to maintain normal filling of the less compliant left
ventricle. Over time, this atrial adaptation may be lost due to
ensuing atrial myopathy, leading to worsened diastolic
function of the left ventricle. Loss of mechanical function of
the LA, even in patients with preserved sinus rhythm, may
be the final step that converts asymptomatic left ventricular
hypertrophy into symptomatic left heart failure, and this is
particularly pronounced in patients with HFpEF [110,111].

Besides the role in contraction, the LA serves as
volume buffer that facilitates oscillatory filling of the
ventricle and prevents pressure and flow oscillations to
propagate backwards into the pulmonary circulation. Loss of
atrial compliance, due to shrinkage or increased wall
stiffness (stiff left atrial syndrome), leads to remodeling of
the small pulmonary vessels with development of
precapillary pulmonary hypertension [112].

Summary

To sum up, the atria are a frequent site of
ablation or catheterization procedures, however they have
not received comparable amount of attention comparing
Since RA contains the SA and
the AV node, it is very important for clinicians to know
the morphology of the atria. The LA and RA have the
same main parts such as the vestibule, the venosus part

to the ventricles.

and the appendage, but differ morphologically. One of
the structures which we focused on are PM located in
the LAA and the RAA, which may be homologous to
the trabeculae in the ventricles. The atrial function is also
not negligible, as it can play a significant role in CO in
the heart with impaired function.

Conflict of Interest
There is no conflict of interest.

Acknowledgements
Supported by Czech Science Foundation 22-05271S,
Czech Health Research Council NU21-02-00402, Charles



2024 Structure, Function, and Development of the Atria S709

University Cooperatio 207029 Cardiovascular Science, Special thanks to Jan Kacvinsky for images of the human
and Programme EXCELES, Project No. LX22NPO5104  atrial chambers (Fig. 1).
— Funded by the European Union — Next Generation EU.

References

1.  Sedmera D, Pexieder T, Vuillemin M, Thompson RP, Anderson RH. Developmental Patterning of the
Myocardium. Anat Rec 2000;258:319-337. https://doi.org/10.1002/(SIC1)1097-0185(20000401)258:4<319::AID-
AR1>3.0.CO:2-O

2. Siddiqui AU, Daimi SRH, Gandhi KR, Siddiqui AT, Trivedi S, Sinha MB, Rsathor M. Crista Terminalis, Musculi
Pectinati, and Taenia Sagittalis: Anatomical Observations and Applied Significance. ISRN Anat 2013;2013:803853.
https://doi.org/10.5402/2013/803853

3. Anderson RH, Cook AC. The structure and components of the atrial chambers. Europace 2007;9(Suppl 6):vi3-vi9.
https://doi.org/10.1093/europace/eum200

4.  McAlpine WA. Heart and Coronary Arteries : An Anatomical Atlas for Clinical Diagnosis, Radiological Investigation,
and Surgical Treatment. Berlin: Springer-Verlag, 1975, 224 p. https://doi.org/10.1007/978-3-642-65983-6

5. Ho SY, Sanchez-Quintana D. The importance of atrial structure and fibers. Clin Anat 2009;22:52-63.
https://doi.org/10.1002/ca.20634

6. Loukas M, Tubbs RS, Tongson JM, Polepalli S, Curry B, Jordan R, Wagner T. The clinical anatomy of the crista
terminalis,  pectinate ~ muscles and  the  teniae  sagittalis. Ann  Anat  2008;190:81-87.
https://doi.org/10.1016/j.aanat.2007.05.002

7. Faber JW, Hagoort J, Moorman AFM, Christoffels VM, Jensen B. Quantified growth of the human embryonic
heart. Biol Open 2021;10:bi0057059. https://doi.org/10.1242/bi0.057059

8. Sullivan LH. The Tall Office Building Artistically Considered. Lippincot's Mag 1896;57:403-409.
Sanchez-Quintana D, Anderson RH, Cabrera JA, Climent V, Martin R, Farré J. The terminal crest: morphological
features relevant to electrophysiology. Heart 2002;88:406-411. https://doi.org/10.1136/heart.88.4.406

10. Zoppo F, Rizzo S, Corrado A, Bertaglia E, Buja G, Thiene G, Basso C. Morphology of right atrial appendage for

permanent atrial pacing and risk of iatrogenic perforation of the aorta by active fixation lead. Heart Rhythm
2015;12:744-750. https://doi.org/10.1016/j.hrthm.2014.12.023

11. Rissi R, Marques MJ, Neto HS. Checking the shape and lobation of the right atrial appendage in view of their
clinical relevance. Anat Sci Int 2019;94:324-329. https://doi.org/10.1007/s12565-019-00489-z

12. Zhang J, Yuan M. Anatomy of the right atrial appendage and its importance in clinical practice. Folia Morphol
(Warsz) 2023;83:294-299. https://doi.org/10.5603/FM.a2023.0047

13. Barbero U, Ho SY. Anatomie der Vorhdfe: Ein Ubersichtsplan fiir das linke Herzohr. Herzschrittmacherther
Elektrophysiol 2017;28:347-354. https://doi.org/10.1007/s00399-017-0535-x

14. Hotda MK, Klimek-Piotrowska W, Koziej M, Mazur M. Anatomical variations of the coronary sinus valve

(Thebesian  valve): Implications for electrocardiological procedures. Europace 2015;17:921-927.
https://doi.org/10.1093/europace/euu397
15. Kucybata I, Ciuk K, Klimek-Piotrowska W. Clinical anatomy of human heart atria and interatrial septum -

Anatomical basis for interventional cardiologists and electrocardiologists. Part 1: Right atrium and interatrial
septum. Kardiol Pol 2018;76:499-509. https://doi.org/10.5603/KP.a2017.0248

16. Ciuk S, Janas P, Klimek-Piotrowska W. Clinical anatomy of human heart atria and interatrial septum - Anatomical
basis for interventional cardiologists and electrocardiologists. Part 2: Left atrium. Kardiol Pol 2018;76:510-519.
https://doi.org/10.5603/KP.a2018.0001

17. Anselmino M, Blandino A, Beninati S, Rovera C, Boffano C, Belletti M, Caponi D, ET AL. Morphologic analysis
of left atrial anatomy by magnetic resonance angiography in patients with atrial fibrillation: A large single center
experience. J Cardiovasc Electrophysiol 2011;22:1-7. https://doi.org/10.1111/].1540-8167.2010.01853.x

18. Nakib A, Moller JH, Kanjuh VI, Edwards JE. Anomalies of the pulmonary veins. Am J Cardiol 1967;20:77-90.
https://doi.org/10.1016/0002-9149(67)90113-0




S710 Neradilova et al. Vol. 73

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kaminski R, Kosinski A, Brala M, Piwko G, Lewicka E, Dabrowska-Kugacka A, Raczak G, ET AL.
Variability of the Left Atrial Appendage in Human Hearts. PLoS One 2015;10:e0141901.
https://doi.org/10.1371/journal.pone.0141901

Di Biase L, Santangeli P, Anselmino M, Mohanty P, Salvetti I, Gili S, Horton R, ET AL. Does the left atrial
appendage morphology correlate with the risk of stroke in patients with atrial fibrillation? Results from
a multicenter study. J] Am Coll Cardiol 2012;60:531-538. https://doi.org/10.1016/j.jacc.2012.04.032

Kornej J, Borschel CS, Benjamin EJ, Schnabel RB. Epidemiology of Atrial Fibrillation in the 21st Century: Novel
Methods and New Insights. Circ Res 2020;127:4-20. https://doi.org/10.1161/CIRCRESAHA.120.316340

Yen Ho S, Angel Cabrera J, Sanchez-Quintana D. Left atrial anatomy revisited. Circ Arrhythm Electrophysiol
2012;5:220-228. https://doi.org/10.1161/CIRCEP.111.962720

Hotda MK, Koziej M, Hotda J, Tyrak K, Piatek K, Bolechala F, Klimek-Piotrowska W. Anatomic characteristics of the
mitral isthmus region: The left atrial appendage isthmus as a possible ablation target. Ann Anat 2017;210:103-111.
https://doi.org/10.1016/j.aanat.2016.11.011

Anderson RH, Webb S, Brown NA. Clinical anatomy of the atrial septum with reference to its developmental
components. Clin Anat 1999;12:362-374.  https://doi.org/10.1002/(SICI)1098-2353(1999)12:5<362::AID-
CA6>3.0.CO:2-F

Meissner I, Whisnant JP, Khandheria BK, Spittell PC, Michael O'Fallon W, Pascoe RD, Enriquez-Sarano M, ET
AL. Prevalence of potential risk factors for stroke assessed by transesophageal echocardiography and carotid

ultrasonography: the SPARC study. Stroke Prevention: Assessment of Risk in a Community. Mayo Clin Proc
1999;74:862-869. https://doi.org/10.4065/74.9.862

Hagen PT, Scholz DG, Edwards WD. Incidence and Size of Patent Foramen Ovale During the First 10 Decades of
Life: An Autopsy Study of 965 Normal Hearts. Mayo Clin Proc 1984;59:17-20. https://doi.org/10.1016/S0025-
6196(12)60336-X

Breithardt O-A, Papavassiliu T, Borggrefe M. A coronary embolus originating from the interatrial septum.
Eur Heart J 2006;27:2745-2745. https://doi.org/10.1093/eurheartj/ehl051

Krishnan SC, Salazar M. Septal pouch in the left atrium: a new anatomical entity with potential for embolic
complications. JACC Cardiovasc Interv 2010;3:98-104. https://doi.org/10.1016/].jcin.2009.07.017

Hotda MK, Koziej M, Holda J, Pigtek K, Tyrak K, Chotopiak W, Bolechata F, ET AL. Atrial septal
pouch - Morphological features and clinical considerations. Int J Cardiol 2016;220:337-342.
https://doi.org/10.1016/j.ijcard.2016.06.141

Hotda MK, Koziej M, Wszotek K, Pawlik W, Krawczyk-Oz6g A, Sorysz D, Loboda P, ET AL. Left atrial
accessory appendages, diverticula, and left-sided septal pouch in multi-slice computed tomography. Association
with  atrial  fibrillation and  cerebrovascular accidents. Int J  Cardiol 2017;244:163-168.
https://doi.org/10.1016/j.ijcard.2017.06.042

De Bold AJ, Borenstein HB, Veress AT, Sonnenberg H. A rapid and potent natriuretic response to intravenous
injection of atrial myocardial extract in rats. Life Sci 1981;28:89-94. https://doi.org/10.1016/0024-
3205(81)90370-2

Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, Quiniou G, Garrigue S, ET AL. Spontaneous initiation
of atrial fibrillation by ectopic beats originating in the pulmonary veins. N Engl J Med 1998;339:659-666.
https://doi.org/10.1056/NEJM199809033391003

Kholova I, Kautzner J. Morphology of atrial myocardial extensions into human caval veins: A postmortem
study in  patients with and  without atrial  fibrillation. = Circulation = 2004;110:483-488.
https://doi.org/10.1161/01.CIR.0000137117.87589.88

Aldhoon B, Melenovsky V, Peichl P, Kautzner J. New insights into mechanisms of atrial fibrillation. Physiol Res
2010;59:1-12. https://doi.org/10.33549/physiolres. 931651

Ho SY, Anderson RH, Sanchez-Quintana D. Gross structure of the atriums: More than an anatomic curiosity?
Pacing Clin Electrophysiol 2002;25:342-350. https://doi.org/10.1046/.1460-9592.2002.00342 x

Guo Z-G, Levi R, Aaronson LM, Gay WA. The isolated human pectinate muscle: a reliable preparation of human
cardiac tissue. J Pharmacol Methods 1983;9:127-135. https://doi.org/10.1016/0160-5402(83)90004-9




2024 Structure, Function, and Development of the Atria S711

37. Ho SY, Anderson RH, Sanchez-Quintana D. Atrial structure and fibres: morphologic bases of atrial conduction.
Cardiovasc Res 2002;54:325-336. https://doi.org/10.1016/S0008-6363(02)00226-2

38. Albu M, Affolter E, Gentile A, Xu Y, Kikhi K, Howard S, Kuenne C, ET AL. Distinct mechanisms regulate
ventricular and atrial chamber wall formation. Nat Commun 2024;15:8159. https://doi.org/10.1038/s41467-024-
52340-3

39. Ermnst G, Stollberger C, Abzieher F, Veit-Dirscherl W, Bonner E, Bibus B, Schneider B, Slany J. Morphology of
the left atrial appendage. Anat Rec 1995;242:553-561. https://doi.org/10.1002/ar.109242041 1

40. Shirani J, Alaeddini J. Structural remodeling of the left atrial appendage in patients with chronic non-valvular

atrial fibrillation: Implications for thrombus formation, systemic embolism, and assessment by transesophageal
echocardiography. Cardiovasc Pathol 2000;9:95-101. https://doi.org/10.1016/S1054-8807(00)00030-2

41. Kvasilova A, Gregorovicova M, Olejnickova V, Kolesova H, Sedmera D. Myocardial development in
crocodylians. Dev Dyn 2022;251:2029-2047. https://doi.org/10.1002/dvdy.527

42. Monckeberg JG. Beitrage zur normalen und pathologischen Anatomie des Herzens. Verh Dtsch Pathol Ges
1910;64-71.

43. Aschoff L. Referat uber die Herzstorungen in ihren Beziehungen zu den Spezifischen Muskelsystem des Herzens.
Verh Dtsch Pathol Ges 1910;3-35.

44. Anderson RH, Ho SY. The Architecture of the Sinus Node, the Atrioventricuiar Conduction Axis, and the
Internodal Atrial Myocardium. J Cardiovasc Electrophysiol 1998;9:1233-1248. https://doi.org/10.1111/].1540-
8167.1998.tb00097.x

45. James TN, Sherf L. Specialized tissues and preferential conduction in the atria of the heart. Am J Cardiol
1971;28:414-427. https://doi.org/10.1016/0002-9149(71)90005-1

46. Durrer D, Van Dam RT, Freud GE, Janse MJ, Meijler FL, Arzbaecher RC. Total excitation of the isolated human
heart. Circulation 1970;41:899-912. https://doi.org/10.1161/01.CIR.41.6.899

47. Ariyarajah V, Spodick DH. The Bachmann Bundle and interatrial conduction. Cardiol Rev 2006;14:194-199.
https://doi.org/10.1097/01.crd.0000195221.26979.2b

48. Kent A. Researches on the Structure and Function of the Mammalian Heart. J Physiol 1893;14:i2-254.
https://doi.org/10.1113/jphysiol.1893.sp000451

49. Moorman AFM, Christoffels VM. Cardiac Chamber Formation: Development, Genes, and Evolution. Physiol Rev
2003;83:1223-1267. https://doi.org/10.1152/physrev.00006.2003

50. Percy LR, Potter IC. Description of the heart and associated blood vessels in larval lampreys. J Zool 1986;208:479-492.
https://doi.org/10.1111/1.1469-7998.1986.tb01517.x

51. Icardo JM. Conus arteriosus of the teleost heart: Dismissed, but not missed. Anat Rec A Discov Mol Cell Evol Biol
2006;288:900-908. https://doi.org/10.1002/ar.a.20361

52. Johansen K, Hanson D. Functional Anatomy of the Hearts of Lungfishes and Amphibians. Am Zool 1968;8:191-210.
https://doi.org/10.1093/icb/8.2.191

53. Olejnickova V, Kolesova H, Bartos M, Sedmera D, Gregorovicova M. The Tale-Tell Heart: Evolutionary tetrapod

shift from aquatic to terrestrial life-style reflected in heart changes in axolotl (Ambystoma mexicanum).
Dev Dyn 2022;251:1004-1014. https://doi.org/10.1002/dvdy.413

54. Modesto SP, Anderson JS. The phylogenetic definition of reptilia. Syst Biol 2004;53:815-821.
https://doi.org/10.1080/10635150490503026

55. Gregorovicova M, Bartos M, Jensen B, Janacek J, Minne B, Moravec J, Sedmera D. Anguimorpha as a model

group for studying the comparative heart morphology among Lepidosauria: Evolutionary window on the
ventricular septation. Ecol Evol 2022;12:€9476. https://doi.org/10.1002/ece3.9476

56. Gregorovicova M, Sedmera D, Jensen B. Relative position of the atrioventricular canal determines the electrical
activation of developing reptile ventricles. J Exp Biol 2018;221:jeb178400. https://doi.org/10.1242/jeb.178400

57. Jensen B, Moorman AFM, Wang T. Structure and function of the hearts of lizards and snakes. Biol Rev Camb
Philos Soc 2014;89:302-336. https://doi.org/10.1111/brv.12056

58. Seufer H, Kaverkin Y, Kirschner A, Boone J, Ernst T, Holfert T. The Eyelash Geckos: Care, Breeding and
Natural History. Kirschner & Seufer, 2005, 238 p.




S712 Neradilova et al. Vol. 73

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.
80.

Kohler G, Griesshammer K, Schuster N. Bartagamen: Biologie, Pflege, Zucht, Erkrankungen, Zuchtformen.
Herpeton, 2013, 256 p.

Pyron R, Burbrink FT, Wiens JJ. A phylogeny and revised classification of Squamata, including 4161 species of
lizards and snakes. BMC Evol Biol 2013;13:93. https://doi.org/10.1186/1471-2148-13-93

Jensen B, Nyengaard JR, Pedersen M, Wang T. Anatomy of the python heart. Anat Sci Int 2010;85:194-203.
https://doi.org/10.1007/s12565-010-0079-1

Hanemaaijer J, Gregorovicova M, Nielsen JM, Moorman AFM, Wang T, Nils Planken R, Christoffels VM,
ET AL. Identification of the building blocks of ventricular septation in monitor lizards (Varanidae). Development
2019;146:dev177121. https://doi.org/10.1242/dev.177121

Lee MSY. The phylogeny of varanoid lizards and the affinities of snakes. Philos Trans R Soc Lond B Biol Sci
1997;352:53-91. https://doi.org/10.1098/rstb.1997.0005

Simdes TR, Pyron RA. The squamate tree of life. Bull Museum Compar Zool 2021;163:47-95.
https://doi.org/10.3099/0027-4100-163.2.47

Jensen B, Christoffels VM. Reptiles as a Model System to Study Heart Development. Cold Spring Harb Perspect
Biol 2020;12:a037226. https://doi.org/10.1101/cshperspect.a037143

Poelmann RE, Gittenberger-de Groot AC. Development and evolution of the metazoan heart. Dev Dyn
2019;248:634-656. https://doi.org/10.1002/dvdy.45

Burggren WW, Christoffels VM, Crossley DA, Enok S, Farrell AP, Hedrick MS, Hicks JW, ET AL. Comparative
cardiovascular physiology: Future trends, opportunities and challenges. Acta Physiol (Oxf) 2014;210:257-276.
https://doi.org/10.1111/apha.12170

Field DJ, Gauthier JA, King BL, Pisani D, Lyson TR, Peterson KJ. Toward consilience in reptile phylogeny:

miRNAs support an archosaur, not lepidosaur, affinity for turtles. Evol Dev 2014;16:189-196.
https://doi.org/10.1111/ede.12081

Kvasilova A, Olejnickova V, Jensen B, Christoffels VM, Kolesova H, Sedmera D, Gregorovicova M. The
formation of the atrioventricular conduction axis is linked in development to ventricular septation. J Exp Biol
2020;223:jeb229278. https://doi.org/10.1242/jeb.229278

Grigg G, Nowack J, Bicudo JEPW, Bal NC, Woodward HN, Seymour RS. Whole-body endothermy: ancient,
homologous and widespread among the ancestors of mammals, birds and crocodylians. Biol Rev Camb Philos Soc
2022;97:766-801. https://doi.org/10.1111/brv.12822

Brochu CA. Progress and Future Directions in Archosaur Phylogenetics. J Paleontol 2001;75:1485-1201.
https://doi.org/10.1666/0022-3360(2001)075<1185:PAFDIA>2.0.CO:2

Rowe T, McBride EF, Sereno PC. Dinosaur with a Heart of Stone. Science 2001;291:783.
https://doi.org/10.1126/science.291.5505.783a

Quick DE, Ruben JA. Cardio-pulmonary anatomy in theropod dinosaurs: Implications from extant archosaurs.
J Morphol 2009;270:1232-1246. https://doi.org/10.1002/jmor.10752

Seymour RS, Bennett-Stamper CL, Johnston SD, Carrier DR, Grigg GC. Evidence for Endothermic Ancestors of
Crocodiles at the Stem of Archosaur Evolution. Physiol Biochem Zool 2004;77:1051-1067.
https://doi.org/10.1086/422766

Jensen B, Boukens BJD, Wang T, Moorman AFM, Christoffels VM. Evolution of the Sinus Venosus from Fish to
Human. J Cardiovasc Dev Dis 2014;1:14-28. https://doi.org/10.3390/jcdd1010014

Zhou Y, Shearwin-Whyatt L, Li J, Song Z, Hayakawa T, Stevens D, Fenelon JC, ET AL. Platypus and echidna
genomes reveal mammalian biology and evolution. Nature 2021;592:756-762. https://doi.org/10.1038/s41586-
020-03039-0

Faber JW, Boukens BJ, Oostra RJ, Moorman AFM, Christoffels VM, Jensen B. Sinus venosus incorporation:

contentious issues and operational criteria for developmental and evolutionary studies. J Anat 2019;234:583-591.
https://doi.org/10.1111/j0a.12962

Sadler TW, Langman J. Langman's Medical Embryology. Lippincott Williams & Wilkins, 2022.

Kardong KV. Vertebrates: Comparative Anatomy, Function, Evolution. Sixth Edition. McGraw-Hill Companies, 2012.
Moorman AFM, De Jong F, Denyn MFJ, Lamers WH, Moorman FM. Development of the Cardiac Conduction
System. Circ Res 1998;82:629-644. https://doi.org/10.1161/01.RES.82.6.629




2024 Structure, Function, and Development of the Atria S713

81. Anderson RH, Brown NA, Moorman AFM. Development and structures of the venous pole of the heart. Dev Dyn
2006;235:2-9. https://doi.org/10.1002/dvdy.20578

82. Webb S, Brown NA, Anderson RH, Richardson MK. Relationship in the chick of the developing pulmonary vein
to the embryonic systemic venous sinus. Anat Rec 2000;259:67-75. https://doi.org/10.1002/(SICI)1097-
0185(20000501)259:1<67::AID-AR8>3.0.CO:2-5

83. Naqvi N, McCarthy KP, Ho SY. Anatomy of the atrial septum and interatrial communications. J Thorac Dis
2018;10(Suppl 24):S2837-S2847. https://doi.org/10.21037/jtd.2018.02.18

84. Yagel S, Kivilevitch Z, Cohen SM, Valsky D V., Messing B, Shen O, Achiron R. The fetal venous system, Part I:
Normal embryology, anatomy, hemodynamics, ultrasound evaluation and Doppler investigation. Ultrasound
Obstet Gynecol 2010;35:741-750. https://doi.org/10.1002/u0g.7618

85. Blom NA, Gittenberger-De Groot AC, Jongeneel TH, DeRuiter MC, Poelmann RE, Ottenkamp J. Normal
development of the pulmonary veins in human embryos and formulation of a morphogenetic concept for sinus
venosus defects. Am J Cardiol 2001;87:305-309. https://doi.org/10.1016/S0002-9149(00)01363-1

86. Webb S, Brown NA, Wessels A, Anderson RH. Development of the murine pulmonary vein and its relationship to
the embryonic venous sinus. Anat Rec  1998;250:325-334.  https://doi.org/10.1002/(SICI)1097-
0185(199803)250:3<325::AID-AR7>3.0.CO:2-Z

87. Lamers WH, Moorman AFM. Cardiac septation: A late contribution of the embryonic primary myocardium to
heart morphogenesis. Circ Res 2002;91:93-103. https://doi.org/10.1161/01.RES.0000027135.63141.89

88. Chaldoupi SM, Loh P, Hauer RNW, De Bakker JMT, Van Rijen HVM. The role of connexin40 in atrial
fibrillation. Cardiovasc Res 2009;84:15-23. https://doi.org/10.1093/cvr/cvp203

89. Gaynor SL, Maniar HS, Prasad SM, Steendijk P, Moon MR. Reservoir and conduit function of right atrium:
impact on right ventricular filling and cardiac output. Am J Physiol Heart Circ Physiol 2005;288:H2140-H2145.
https://doi.org/10.1152/ajpheart.00566.2004

90. Thomas L. Assessment of  Atrial Function. Heart Lung Circ 2007;16:234-242.
https://doi.org/10.1016/j.h1c.2007.03.009

91. Barbier P, Solomon SB, Schiller NB, Glantz SA. Left atrial relaxation and left ventricular systolic function
determine left atrial reservoir function. Circulation 1999;100:427-436. https://doi.org/10.1161/01.CIR.100.4.427

92. Namana V, Gupta SS, Sabharwal N, Hollander G. Clinical significance of atrial kick. QJM 2018;111:569-570.
https://doi.org/10.1093/qjmed/hcy088

93. Prinzen FW, Auricchio A, Mullens W, Linde C, Huizar JF. Electrical management of heart failure: from
pathophysiology to treatment. Eur Heart J 2022;43:1917-1927. https://doi.org/10.1093/eurheartj/ehac088

94. Koizumi R, Funamoto K, Hayase T, Kanke Y, Shibata M, Shiraishi Y, Yanbe T. Numerical analysis of
hemodynamic changes in the left atrium due to atrial fibrillation. J Biomech 2015;48:472-478.
https://doi.org/10.1016/j.jbiomech.2014.12.025

95. Goyal A, Basit H, Bhyan P, Sharma S. A Wave [Internet]. Treasure Island (FL): StatPearls. 2023 [cited 2024 Apr
17]. Available from: https://www.ncbi.nlm.nih.gov/books/NBK499925/

96. Janousek J, Vojtovi¢ P, Chaloupecky V, Hucin B, Tlaskal T, Kostelka M, Reich O. Hemodynamically optimized
temporary cardiac pacing after surgery for congenital heart defects. Pacing Clin Electrophysiol 2000;23:1250-1259.
https://doi.org/10.1111/].1540-8159.2000.tb00939.x

97. Zipes DP, Libby P, Bonow RO, Mann DL, Tomaselli GF. Braunwald's Heart Disease: A Textbook of
Cardiovascular Medicine. 8th Edition. Elsevier Science, 2008.

98. Bainbridge FA. The influence of venous filling upon the rate of the heart. J Physiol 1915;50:65-84.
https://doi.org/10.1113/jphysiol.1915.sp001736

99. Sun BJ, Jae-Hyeong P. Echocardiographic Measurement of Left Atrial Strain. Circ J 2022;86:6-13.
https://doi.org/10.1253/circj.CJ-21-0373

100. Meng X, Li Y, Li H, Wang Y, Zhu W, Lu X. Right atrial function in patients with pulmonary hypertension:

A study with two-dimensional speckle-tracking echocardiography. Int J Cardiol 2018;255:200-205.
https://doi.org/10.1016/j.ijcard.2017.11.093
101. Motshabi-Chakane P. Cardiovascular pressure-volume loops. South Afr J Anaesth Analg 2023;29(5 Suppl 1):S1-S5.




S714 Neradilova et al. Vol. 73

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Weimar T, Watanabe Y, Kazui T, Lee US, Moon MR, Schuessler RB, Damiano RJ Jr. Differential impact of short
periods of rapid atrial pacing on left and right atrial mechanical function. J Physiol Heart Circ Physiol
2012;302:H2583-H2591. https://doi.org/10.1152/ajpheart.01170.2011

Smorodinova N, Bldha M, Melenovsky V, Rozsivalova K, Ptidal J, DuriSova M, Pirk J, ET AL. Analysis of
immune cell populations in atrial myocardium of patients with atrial fibrillation or sinus rhythm. PLoS One
2017;12:€0172691. https://doi.org/10.1371/journal.pone.0172691

Smorodinova N, Lantova L, Blaha M, Melenovsky V, Hanzelka J, Pirk J, Kautzner J, Kucera T. Bioptic Study of
Left and Right Atrial Interstitium in Cardiac Patients with and without Atrial Fibrillation: Interatrial but Not
Rhythm-Based Differences. PLoS One 2015;10:¢0129124. https://doi.org/10.1371/journal.pone.0129124

Aldhoon B, Kucera T, Smorodinova N, Martinek J, Melenovsky V, Kautzner J. Associations between cardiac

fibrosis and permanent atrial fibrillation in advanced heart failure. Physiol Res 2013;62:247-255.
https://doi.org/10.33549/physiolres.932409

de Campos MCAV, Moraes VRY, Daher RF, Micheleto JPC, de Campos LAV, Barros GFA, de Oliveira HM,
ET AL. Pulsed-field ablation versus thermal ablation for atrial fibrillation: A meta-analysis. Heart Rhythm O2
2024;5:385-395. https://doi.org/10.1016/j.hr00.2024.04.012

Brundel BJIM, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial fibrillation. Nat Rev Dis Primers
2022;8:21. https://doi.org/10.1038/s41572-022-00347-9

Stojadinovic P, Wichterle D, Fukunaga M, Peichl P, Melenovsky V, Franekova J, Kautzner J, Sramko M. Acute Effect
of Atrial Fibrillation on Circulating Natriuretic Peptides: The Influence of Heart Rate, Rhythm Irregularity, and Left
Atrial Pressure Overload. Am J Cardiol 2023;208:156-163. https://doi.org/10.1016/j.amjcard.2023.09.060

Melenovsky V, Hwang SJ, Redfield MM, Zakeri R, Lin G, Borlaug BA. Left Atrial Remodeling and Function in
Advanced Heart Failure With Preserved or Reduced Ejection Fraction. Circ Heart Fail 2015;8:295-303.
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001667

Melenovsky V, Borlaug BA, Rosen B, Hay I, Ferruci L, Morell CH, Lakatta EG, ET AL. Cardiovascular features
of heart failure with preserved ejection fraction versus nonfailing hypertensive left ventricular hypertrophy in the

urban Baltimore community: the role of atrial remodeling/dysfunction. J Am Coll Cardiol 2007;49:198-207.
https://doi.org/10.1016/j.jacc.2006.08.050

Omote K, Sorimachi H, Obokata M, Verbrugge FH, Omar M, Popovic D, Reddy YNV, ET AL. Biatrial myopathy
in heart failure with preserved ejection fraction. Eur J Heart Fail 2024;26:288-298.
https://doi.org/10.1002/ejhf.3104

Ameri P, Mercurio V, Pollesello P, Anker MS, Backs J, Bayes-Genis A, Borlaug BA, ET AL. A roadmap for
therapeutic discovery in pulmonary hypertension associated with left heart failure. A scientific statement of the
Heart Failure Association (HFA) of the ESC and the ESC Working Group on Pulmonary Circulation & Right
Ventricular Function. Eur J Heart Fail 2024;26:707-729. https://doi.org/10.1002/ejhf.3236





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



