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The pectinate muscles are located on the inner surface of the right and left atria, but their functional significance 
remains unknown. This review describes the development of pectinate muscles at the molecular-genetic level, the 
features of ion channels and intercellular connections that allow pectinate to provide rapid conduction of excitation 
for the coordinated work of the atria and examines the influence of pectinate muscles on the development of atrial 
fibrillation.
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At the present stage of development of medical sci-
ence, the fundamental problem of investigation of the func-
tional anatomy of the heart is given great attention by both 
theorists and clinicians, since diseases of the cardiovascu-
lar system are associated with the most common causes 
of mortality in the world, i.e., coronary heart disease and 
stroke [1, 2]. The heart conduction system is of particular 
interest, which, performing the rhythmic coordination of 
the activity of the myocardium of individual chambers of 
the heart, ensures stable functionally optimal operation of 
the heart pump throughout the life of the body [3]. Disor-
ders of the heart conduction system can play a role in the 
development of diseases that lead to a deterioration in the 
patient’s quality of life, disability and, in severe cases, to 
death.

Disorders of conduction and excitability of the myo-
cardium leads to the atrial fibrillation (AF), which is the 
most common type of supraventricular tachyarrhythmia 
with chaotic electrical activity of the atria, precluding their 
coordinated contraction [4]. In 2010, 8.8 million adults 
over the age of 55 in the European Union suffered from 
AF, and according to forecasts, this number will double 
to 17.9 million by 2060 [5]. In Russia, in 2010, 2.5 mil-
lion cases of AF were registered per year, while by 2017, 
the incidence increased to 3.7 million [6]. AF is known to 
increase the risk of stroke by 5 times and at the same time 
the course of the disease has an unfavorable prognosis [7]. 
As far as is known at present, AF develops and persists due 
to the presence of a factor (trigger) that triggers arrhyth-
mia and electroanatomic substrates that support it, being 

the focus of circulation of the re-entry of excitation [8]. 
Indeed, pectinate muscles located on the inner surface of 
the right atrium can also be attributed to such structures, 
since they are able to initiate and maintain the re-entry of 
excitation [9]. However, their functional significance and 
interaction with the conduction system of the heart remain 
poorly investigated. 

The purpose of this review of the available literature 
is to clarify the role and degree of influence of the pecti-
nate muscles on the excitation and regulation of contractile 
activity of the right atrium, as well as to determine the fea-
tures of the anatomy of these structures, which can lead to 
the occurrence of AF when impaired.

ANATOMY OF THE CONDUCTION SYSTEM  
OF THE HEART

The heart is a hollow muscular organ that receives 
blood from the veins flowing into it and pumps blood into 
the arterial system. The atria of the heart have hollow pro-
cesses, i.e., the right and left auricles (appendages) of the 
atrium, which cover the base of the aorta and the pulmo-
nary trunk. Conduction system, formed by specialized car-
diomyocytes, whose structural components are involved in 
generating and conducting excitation, plays an important 
role in the contractile activity of the heart and in the co-
ordination of the musculature of the individual chambers 
of the heart. Conduction system of the heart include nodes 
and bundles. The central elements of the conduction sys-
tem of the heart are: 1) sinoatrial node (sinus node, Keith-
Flack node), which is in the wall of the right atrium near 
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the opening of the superior vena cava; it provides rhythmic 
contraction of the atria, being the first order pacemaker; 
2) atrioventricular node (Aschoff-Tawara node), located 
above the attachment site of the septal cusp of the tricus-
pid valve. The fibers of this node, directly connected to 
the atrial muscles, continue into the intraventricular sep-
tum, forming an atrioventricular bundle (His bundle), i.e., 
the pathway of excitation from the atria to the ventricles, 
which in the ventricular septum is divided into two branch-
es going to the right and left ventricles, respectively. These 
branches of the His bundle pass under the endocardium, 
branch widely and end in a network of Purkinje fibers [10].

GAP JUNCTIONS OF CARDIOMYOCYTES  
IN THE HEART CONDUCTION

Thanks to the ability to conduct excitation at a high 
rate, Purkinje fibers ensure synchronous contraction of 
the ventricles: firstly, the interventricular septum is excit-
ed, then the apex of the heart and only after that the basal 
ventricles. This functional feature is due to the expression 
of unique ion channels in the gap junctions of cells, i.e., 
connexin 40 and connexin 43 [11, 12]. Gap junctions are 
a type of connection of cells that consist of two protein 
half-channels called connexons. In turn, each connexon 
is a set of six connexin proteins that form pores for the 
formation of a gap channel between the cytoplasm of two 
adjacent cells. This channel provides a bidirectional flow 
of ions and signaling molecules. Connexins are designated 
by the abbreviation Cx, followed by the designation of the 
molecular weight in kDa; for example, a connexin with a 
molecular weight of 40 kDa is designated as Cx40 [13]. 
Three main connexin isotypes are expressed in the heart, 
i.e., connexin Cx40, Cx43 and Cx45. They differ in the ex-
pression area and the amount of ion conductivity [14, 15]. 
As shown in literature, mutations of connexin genes and 
changes in the expression of the distribution of Cx40, Cx43 
can be factors in the development of AF [16, 17]. Based 
on data on a decrease in connexin expression in AF, O. 
Bikou et al. (2011), using an adenoviral vector with Cx43, 
increased the expression of Cx43 in the porcine atrium, 
which led to an increase in conductivity and prevention of 
AF development [18]. Based on this study, it seems likely 
that connexins can be used as therapy for AF in the future. 
In addition, regarding the heart conduction system, the iso-
types of connexins expressed in different areas of the heart 
should be considered.

EMBRYOLOGY OF THE CONDUCTION  
SYSTEM OF THE HEART AND PECTINATE 

MUSCLES

For a comprehensive assessment of the relationship 
between the pectinate muscles and the heart conduction 
system, the embryogenesis of the heart should be discussed 
in more detail. The heart develops from two bilateral fields 
in the embryonic mesoderm, which merge along the mid-
line and form a primary cardiac tube lined from the inside 
with an endocardium, and from the outside with a myo-
cardium consisting of two layers of cells. The space be-
tween them is filled with a thick basement membrane, the 
so-called “cardiac jelly” [19]. As soon as the heart begins 
to contract on the 21st-22nd day of embryogenesis, a rapid 

growth of the heart tube occurs, which leads to a change in 
its shape. At this stage, heart has the following structures: 
the venous sinus, followed by the venous division, the ar-
terial department (primary ventricle) and then the arterial 
trunk [20, 21]. 

As described by D. Sedmera et al. (2008), the devel-
opment of the myocardium of the heart occurs in stages. At 
the first stage, in the early tubular heart, the heart wall con-
sists of 2-3 layers of epithelial-like myocardium, “cardiac 
jelly” and endocardium. In the second stage, correspond-
ing to the end of the fourth week of pregnancy, the char-
acteristic protrusions of the myocardium, i.e., trabeculae, 
form. The third stage is the compaction of the basal areas 
of these trabeculae, which correlates with the ingrowth of 
the coronary vascular system from the epicardium and cor-
responds to weeks 10-12 of pregnancy. The final stage is 
the development of a multilayer spiral system of ventricu-
lar myocardium fibers at the 4th month of pregnancy [21, 
22]. From trabeculations in the ventricles, muscle cords, 
i.e., trabeculae, papillary muscles and networks of Purkinje 
fibers, are formed. Pectinate muscles develop from trabec-
ulations in the atria; of note, trabeculations appear earlier 
in the right atrium than in the left atrium [23]. 

Based on his research, D. Sedmera et al. (2008) de-
scribes the development of pectinate muscles as follows: 
pectinate muscles appear in the future auricles of the atria 
after the formation of the atrial septum and perform a dual 
role. They, firstly, strengthen the rather thin wall of the atri-
um, similar to umbrella frames, and, secondly, serve as a 
morphological substrate of preferred conduction pathways, 
which probably exist to ensure synchronous activation and 
contraction of the atria, and not for the rapid conduction of 
impulses between the sinoatrial and atrioventricular nodes. 
Similarly, this fact was confirmed in studies of excitation 
in the atria in chickens [21, 22, 24].

Thus, it can be concluded that pectinate muscles per-
form a similar function to Purkinje fibers; however, this 
fact is not fully described in the literature, so a more de-
tailed study and morphofunctional analysis of the develop-
ment of these heart structures during embryogenesis at the 
cellular and molecular level is required.

GENETIC REGULATION OF EMBRYOGENESIS 
OF THE HEART CONDUCTION SYSTEM

The myocardial cells of the primary cardiac tube do 
not have gap junctions and have a poorly developed sar-
coplasmic reticulum, so they have automatism, slow con-
ductivity and poor contractility. In the process of growth 
and division of the cardiac tube into chambers, differenti-
ation of myocardial cells occurs due to the expression of a 
genetic program characteristic of cardiac chambers. This 
program controls the development of the myocardium of 
the heart chambers, as a result of which the cells acquire 
gap junction proteins (Cx40, Cx43) and sodium channels 
(Scn5a), aimed at ensuring high conductivity and contrac-
tility of the myocardium [25]. T box (Tbx) transcription 
factors, which are expressed in various parts of the heart, 
plays an important role in the differentiation of cardiomy-
ocytes. Thus, factors Tbx5 and Tbx20 function in the early 
cardiac tube, activating the genetic program of differenti-
ation of the myocardium of the heart chambers, while fac-
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tors Tbx2 and Tbx3 contribute to the development of the 
conduction system [26-28]. Most arrhythmogenic regions 
in the adult heart arise from those regions of the embryonic 
heart where this genetic program does not provide proper 
differentiation; Tbx3 expression regions are especially sus-
ceptible [29, 30]. 

As described by D.S. Park et al. (2017), rapid con-
duction is a distinctive feature of the formation of the 
heart chambers, where the pectinate muscles of the atria 
and the trabeculated myocardium in the ventricles “gather 
the phenotype of rapid conduction”. The subendocardial 
cardiomyocytes of the trabeculae in the ventricles under-
go further differentiation with the subsequent formation of 
highly specialized Purkinje fibers, whereas the pectinate 
muscles in the atria retain the phenotype of rapid conduc-
tion without additional differentiation. It is known that the 
properties of the slow conduction of the nodes of the heart 
conduction system are determined by the almost complete 
absence of the pore-forming subunit of the cardiac sodium 
channel NaV1.5 (encoded by Scn5a) and the predominant 
expression of proteins with low conductivity Cx30.2 and 
Cx45 (encoded by Gjd3 and Gja7, respectively) [31]. In 
contrast, tissues with fast conduction, such as atrial myo-
cardial pectinate muscles and Purkinje fibers, are enriched 
with NaV1.5 and Cx40 and Cx43 proteins with high con-
ductivity and gap junctions (encoded by Gja5 and Gja1, 
respectively) [31]. 

The study of M.C. Bressan et al. (2014) confirms that 
the development of pectinate muscles correlates with an 
increase in the overall velocity of excitation conduction, 
while the areas with pectinate muscles were accompanied 
by the expression of Cx40 and Nav 1.5, due to which the 
formation of channels of a larger diameter for the propa-
gation of the action potential occurs. A similar expression 
of Cx40 and Nav 1.5 is observed in the development of 
the Purkinje network in the ventricles. Similarly, this study 
demonstrated that stretching of the myocardium of devel-
oping atria leads to an increase in the expression of fast 
conduction proteins (Cx40, Nav 1.5) [32]. 

The study performed by A. Shekhar et al. (2016) 
demonstrated that the same transcription factor ETV1 is 
expressed in the region of pectinate muscles in the atria 
and Purkinje fibers in the ventricles, which regulates the 
expression of Nkx2-5, Gja5 and Scn5a, key cardiac genes 
necessary for rapid conduction. ETV1-deficient mice 
showed pronounced cardiac conduction defects in combi-
nation with abnormalities in the development of Purkinje 
fibers, including the His bundle branch blocks [33]. 

Thus, the functional significance of the pectinate 
muscles in the developing heart is the regulation of syn-
chronous atrial contractile activity, which correlates with 
the expression of proteins of cellular compounds and chan-
nels Cx40, Cx43 and Nav 1.5, providing rapid conduction 
of excitation.

ASSOCIATION BETWEEN THE PECTINATE 
AND THE TERMINAL CREST

Considering the association between the conduction 
system and the pectinate muscles, another important an-
atomical structure, the terminal crest or crista terminalis, 
from which the pectinate muscles begin, should be dis-

cussed. Tachycardia, called “Cristal Tachycardias”, can be 
initiated in this area [34]. In a normal atrium, the terminal 
crest functionally and morphologically differs from the 
pectinate muscles by a large amount of collagen, another 
type of expressed connexins, and other cellular compounds 
[35]. However, a number of animal studies have found cells 
with pacemaker activity in the terminal crest, which can 
become dominant in the pathological settings [36, 37]. Of 
note, some researchers attribute these clusters of cells with 
functional characteristics similar to those in the sinoatrial 
node to the “paranodal area” or are called “subsidiary atrial 
pacemaker” [36, 38]. R.S. Stephenson et al. (2017) demon-
strated an association between the paranodal area and the 
pectinate muscles, which was shown on computed tomog-
raphy images of human atrial samples [39]. 

Another important feature of the terminal crest is that 
it is an anisotropic region, as there is difference in the di-
rections of the gap junctions; thus, it leads to an impaired 
conduction of the pulse in the transverse direction, while 
the longitudinal conductivity remains normal [40]. Anisot-
ropy of cardiac tissue presents in different ways depending 
on the rate of excitation from the direction, and is deter-
mined by the direction of cardiomyocytes, while anisotro-
pic conduction increases in pathological conditions, which 
is a risk factor of cardiac arrhythmias [41]. 

Thus, the area of the junction of the pectinate mus-
cles and the terminal crest is potentially arrhythmogenic 
area; moreover, there is also a paranodal area, the function-
al significance of which both under normal conditions and 
in pathological conditions requires further examination. 

PECTINATE MUSCLES AS A SUBSTRATE  
AND TRIGGER OF AF

There are quite a lot of studies in the literature where, 
using electrophysiological mapping methods, it has been 
proven that pectinate muscles can create a “re-entry” of 
excitation in the atria, which leads to the AF [42, 43]. Thus, 
in a study conducted on isolated samples of atrial tissues of 
dogs, it was determined that large pectinate muscles form 
the morphological basis for initiating the re-entry of ex-
citation in the atria and prolong the lifetime of waves of 
re-entry excitation (anchoring), which can lead to fibrilla-
tion activity [9]. In another study on human atrial samples, 
authors concluded that the created surface heterogeneity 
due to pectinate muscles creates electroanatomic substrates 
for the re-entry of excitation. However, in this study it was 
also revealed that in the regions of the atrium exposed to 
fibrillation, an increase in the percentage of fibrosis in the 
pectinate muscles can be noted [44]. 

In general, many researchers associate the ability of 
the pectinate muscles to create a re-entry of excitation with 
thickening of the atrial tissue in this area and the complex 
branching structure of the pectinate muscles, which leads 
to the occurrence of preferred ways of rapid excitation 
along the pectinate muscles associated with the terminal 
crest [45, 46].

In the available literature, we also found infor-
mation about the automatism of pectinate muscles. For 
example, Z.G. Guo et al. (1983) in their study isolat-
ed pectinate muscles from the right auricle of the hu-
man atrium to study their physiological properties. For 
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comparison, muscle samples were taken from the hu-
man right atrium. This study demonstrated that isolated 
samples of pectinate muscles can contract and have an 
automatism and, also, they develop a stable large am-
plitude of contractions with a smaller size compared to 
atrial samples, which can be associated with a coherent 
arrangement of muscle fibers and a relatively larger sur-
face area [47]. However, the cause of the automatism of 
the pectinate muscles remains unclear, since there is no 
data in the literature on the presence of cardiomyocytes 
generating excitation. We consider this property to be 
pathological, since there is no data on the presence of 
special cells and ion channels for generating excitation 
under normal conditions. This region is characterized 
by the absence of expression of the hcn4 ion channel 
(Potassium/sodium hyperpolarization-activated cyclic 
nucleotide-gated channel 4), which is necessary for the 
generation of excitation in cardiac pacemakers [48]. 
However, it has been proven that the expression of hcn4 
outside the pacemakers in the right auricle of the atri-
um, where the pectinate muscles are located, increases 
with age, but expression increases even more in patients 
with AF, compared with healthy population [49]. In oth-
er words, the detected properties of automatism in the 
pectinate muscles can be a source of ectopic stimulation, 
which in turn initiates AF. However, there are very few 
studies confirming the possibility of pectinate muscles 
to show automatism in the available literature, which 
determines the need for further research. 

POTENTIAL CLINICAL SIGNIFICANCE

Recently, based on the use of the so-called “upstream 
therapy”, numerous attempts have been made to slow or 
stop the progression of AF by affecting the underlying car-
diovascular disease and the natural course of the arrhyth-

mia itself. However, progress in this area has been limited. 
The detection of electroanatomic substrates and ectopic 
activity zones outside the orifices of the pulmonary veins 
in the atria and pectinate muscles may explain the low ef-
ficiency of the ablation of the orifices of the pulmonary 
veins in patients with persistent AF. Further studies of the 
morphofunctional significance of the pectinate muscles 
and their interaction with the heart conduction system can 
reveal previously unknown associations in the pathogene-
sis of this disease, contribute to the correction of treatment 
strategy and improve treatment outcomes, protecting the 
patient not only from the effects of arrhythmia, but also 
from the progression of AF from the stage that is easily 
treatable to a condition refractory to therapy.

CONCLUSION

In conclusion, one of the main features of the pecti-
nate muscles is the ability to quickly conduct excitation, 
providing synchronous regulation of atrial contractile ac-
tivity. This functional property plays a great role in the 
embryogenesis of the heart, since the development of 
pectinate muscles correlates with an increase in the ex-
citation rate of the atria. This function is due to the pres-
ence of special proteins Cx 40, Cx 43, NaV1.5, which are 
also found in Purkinje fibers and are necessary for rapid 
excitation. Moreover, due to the complex architecture of 
the pectinate muscles, the re-entry of excitation and AF 
become more likely to occur. Nevertheless, several issues 
related to the automatism of the pectinate muscles and 
their interaction with other anatomical structures, which 
may be the initiating mechanism for the occurrence and 
development of AF, is still poorly investigated. To answer 
to these questions, further morphoanatomical and elec-
troanatomic studies are required in order to improve the 
outcomes of treatment in this population.

REFERENCES

1.	 Nowbar AN, Gitto M, Howard JP, et al. Mortality From 
Ischemic Heart Disease. Circ Cardiovasc Qual Outcomes. 
2019;12(6): e005375. https://doi.org/10.1161/CIRCOUT-
COMES.118.005375.
2.	 Donkor ES. Stroke in the 21st Century: A Snap-
shot of the Burden, Epidemiology, and Quality of Life. 
Stroke Res Treat. 2018;2018: 3238165. https://doi.
org/10.1155/2018/3238165.
3.	 van Weerd JH, Christoffels VM. The formation and 
function of the cardiac conduction system. Develop-
ment. 2016;143(2): 197-210. https://doi.org/10.1242/
dev.124883.
4.	 Arakelyan MG, Bockeria LA, Vasilieva EYu, et al. 2020 
Clinical guidelines for Atrial fibrillation and atrial flutter. 
Russian Journal of Cardiology. 2021;26(7): 190-260. (In 
Russ.). https://doi.org/10.15829/1560-4071-2021-4594.
5.	 Krijthe BP, Kunst A, Benjamin EJ, et al. Projections on 
the number of individuals with atrial fibrillation in the Euro-
pean Union, from 2000 to 2060. Eur Heart J. 2013;34(35): 
2746-2751. https://doi.org/10.1093/eurheartj/eht280.
6.	 Kolbin AS, Mosikyan AA, Tatarsky BA. Socioeconomic 
Burden of Atrial Fibrillations in Russia: Seven‑Year Trends 
(2010-2017). Journal of Arrhythmology. 2018;(92): 42-48. 
(In Russ.) https://doi.org/10.25760/VA-2018-92-42-48.

7.	 Alkhouli M, Alqahtani F, Aljohani S, et al. Burden of 
Atrial Fibrillation-Associated Ischemic Stroke in the Unit-
ed States. JACC Clin Electrophysiol. 2018;4(5): 618-625. 
https://doi.org/10.1016/j.jacep.2018.02.021.
8.	 Wijesurendra RS, Casadei B. Mechanisms of atrial 
fibrillation. Heart. 2019;105(24): 1860-1867. https://doi.
org/10.1136/heartjnl-2018-314267.
9.	 Wu TJ, Yashima M, Xie F, et al. Role of pectinate 
muscle bundles in the generation and maintenance of in-
tra-atrial reentry: potential implications for the mechanism 
of conversion between atrial fibrillation and atrial flutter. 
Circ Res. 1998;83(4): 448-462. https://doi.org/10.1161/01.
res.83.4.448.
10.	 Padala SK, Cabrera JA, Ellenbogen KA. Anatomy of 
the cardiac conduction system. Pacing Clin Electrophysiol. 
2021;44(1): 15-25. https://doi.org/10.1111/pace.14107.
11.	 Sedmera D, Gourdie RG. Why do we have Purkinje 
fibers deep in our heart? Physiol Res. 2014;63(Suppl 1): 
S9-S18. https://doi.org/10.33549/physiolres.932686.
12.	 Olejnickova V, Kocka M, Kvasilova A, et al. Gap 
Junctional Communication via Connexin43 between 
Purkinje Fibers and Working Myocytes Explains the Epi-
cardial Activation Pattern in the Postnatal Mouse Left 
Ventricle. Int J Mol Sci. 2021;22(5): 2475. https://doi.



REVIEWS 	 65

JOURNAL OF ARRHYTHMOLOGY, № 1 (111), 2023

org/10.3390/ijms22052475.
13.	 Rodríguez-Sinovas A, Sánchez JA, Valls-Lacalle L, et 
al. Connexins in the Heart: Regulation, Function and In-
volvement in Cardiac Disease. Int J Mol Sci. 2021;22(9): 
4413. https://doi.org/10.3390/ijms22094413.
14.	 Johnson RD, Camelliti P. Role of Non-Myocyte Gap 
Junctions and Connexin Hemichannels in Cardiovas-
cular Health and Disease: Novel Therapeutic Targets? 
Int J Mol Sci. 2018;19(3): 866. https://doi.org/10.3390/
ijms19030866.
15.	 Jindal S, Chockalingam S, Ghosh SS, et al. Connexin 
and gap junctions: perspectives from biology to nanotech-
nology-based therapeutics. Transl Res. 2021;235: 144-167. 
https://doi.org/10.1016/j.trsl.2021.02.008.
16.	 Guo YH, Yang YQ. Atrial Fibrillation: Focus on Myo-
cardial Connexins and Gap Junctions. Biology (Basel). 
2022;11(4): 489. https://doi.org/10.3390/biology11040489.
17.	 Kanthan A, Fahmy P, Rao R, et al. Human Connexin40 
Mutations Slow Conduction and Increase Propensity for 
Atrial Fibrillation. Heart Lung Circ. 2018;27(1): 114-121. 
https://doi.org/10.1016/j.hlc.2017.02.010.
18.	 Bikou O, Thomas D, Trappe K, et al. Connexin 43 
gene therapy prevents persistent atrial fibrillation in a por-
cine model. Cardiovasc Res. 2011;92(2): 218-225. https://
doi.org/10.1093/cvr/cvr209.
19.	 Gittenberger-de Groot AC, Bartelings MM, Poelmann 
RE, et al. Embryology of the heart and its impact on under-
standing fetal and neonatal heart disease. Semin Fetal Neo-
natal Med. 2013;18(5): 237-244. https://doi.org/10.1016/j.
siny.2013.04.008.
20.	 Kloesel B, DiNardo JA, Body SC. Cardiac Em-
bryology and Molecular Mechanisms of Congenital 
Heart Disease: A Primer for Anesthesiologists. Anesth 
Analg. 2016;123(3): 551-569. https://doi.org/10.1213/
ANE.0000000000001451.
21.	 Sedmera D, McQuinn T. Embryogenesis of the heart 
muscle. Heart Fail Clin. 2008;4(3): 235-245. https://doi.
org/10.1016/j.hfc.2008.02.007.
22.	 Sedmera D, Pexieder T, Vuillemin M, et al. De-
velopmental patterning of the myocardium. Anat Rec. 
2000;258(4): 319-337. https://doi.org/10.1002/(SICI)1097-
0185(20000401)258:4<319::AID-AR1>3.0.CO;2-O.
23.	 Faber JW, Hagoort J, Moorman AFM, et al. Quan-
tified growth of the human embryonic heart. Biol 
Open. 2021;10(2): bio057059. https://doi.org/10.1242/
bio.057059.
24.	 Sedmera D, Wessels A, Trusk TC, et al. Changes in 
activation sequence of embryonic chick atria correlate with 
developing myocardial architecture. Am J Physiol Heart 
Circ Physiol. 2006;291(4): H1646-H1652. https://doi.
org/10.1152/ajpheart.01007.2005.
25.	 Moorman AF, Christoffels VM. Cardiac chamber for-
mation: development, genes, and evolution. Physiol Rev. 
2003;83(4): 1223-1267. https://doi.org/10.1152/phys-
rev.00006.2003.
26.	 Sylva M, van den Hoff MJB, Moorman AFM. Devel-
opment of the human heart. American Journal of Medi-
cal Genetics. 2014;6: 1347-71. https://doi.org/10.1002/
ajmg.a.35896.
27.	 Park DS, Fishman GI. T for Two: T-Box Factors and 
the Functional Dichotomy of the Conduction System. Circ 

Res. 2020;127(3): 357-359. https://doi.org/10.1161/CIR-
CRESAHA.120.317421.
28.	 Christoffels VM, Hoogaars WM, Tessari A, et al. T-box 
transcription factor Tbx2 represses differentiation and for-
mation of the cardiac chambers. Dev Dyn. 2004;229(4): 
763-770. https://doi.org/10.1002/dvdy.10487.
29.	 Christoffels VM, Moorman AF. Development of 
the cardiac conduction system: why are some regions 
of the heart more arrhythmogenic than others? Circ Ar-
rhythm Electrophysiol. 2009;2(2): 195-207. https://doi.
org/10.1161/CIRCEP.108.829341.
30.	 Lu A, Kamkar M, Chu C, et al. Direct and Indirect 
Suppression of Scn5a Gene Expression Mediates Car-
diac Na+ Channel Inhibition by Wnt Signalling. Can J 
Cardiol. 2020;36(4): 564-576. https://doi.org/10.1016/j.
cjca.2019.09.019.
31.	 Park DS, Fishman GI. Development and Function of 
the Cardiac Conduction System in Health and Disease. J 
Cardiovasc Dev Dis. 2017;4(2): 7. https://doi.org/10.3390/
jcdd4020007.
32.	 Bressan MC, Louie JD, Mikawa T. Hemodynamic 
forces regulate developmental patterning of atrial con-
duction. PLoS One. 2014;9(12): e115207. https://doi.
org/10.1371/journal.pone.0115207.
33.	 Shekhar A, Lin X, Liu FY, et al. Transcription factor 
ETV1 is essential for rapid conduction in the heart. J Clin 
Invest. 2016;126(12): 4444-4459. https://doi.org/10.1172/
JCI87968.
34.	 Kalman JM, Olgin JE, Karch MR, et al. “Cristal 
tachycardias”: origin of right atrial tachycardias from the 
crista terminalis identified by intracardiac echocardiogra-
phy. J Am Coll Cardiol. 1998;31(2): 451-459. https://doi.
org/10.1016/s0735-1097(97)00492-0.
35.	 Morris GM, Segan L, Wong G, et al. Atrial Tachycardia 
Arising From the Crista Terminalis, Detailed Electrophys-
iological Features and Long-Term Ablation Outcomes. 
JACC Clin Electrophysiol. 2019;5(4): 448-458. https://doi.
org/10.1016/j.jacep.2019.01.014.
36.	 Morris GM, D’Souza A, Dobrzynski H, et al. Charac-
terization of a right atrial subsidiary pacemaker and accel-
eration of the pacing rate by HCN over-expression. Cardio-
vasc Res. 2013;100(1): 160-169. https://doi.org/10.1093/
cvr/cvt164.
37.	 Soattin L, Borbas Z, Caldwell J, et al. Structural and 
Functional Properties of Subsidiary Atrial Pacemakers in a 
Goat Model of Sinus Node Disease. Front Physiol. 2021;12: 
592229. https://doi.org/10.3389/fphys.2021.592229.
38.	 Chandler N, Aslanidi O, Buckley D, et al. Comput-
er three-dimensional anatomical reconstruction of the 
human sinus node and a novel paranodal area. Anat Rec 
(Hoboken). 2011;294(6): 970-979. https://doi.org/10.1002/
ar.21379.
39.	 Stephenson RS, Atkinson A, Kottas P, et al. High 
resolution 3-Dimensional imaging of the human cardiac 
conduction system from microanatomy to mathematical 
modeling. Sci Rep. 2017;7(1): 7188. Published 2017 Aug 
3. https://doi.org/10.1038/s41598-017-07694-8.
40.	 Houck CA, Lanters EAH, Heida A, et al. Distribu-
tion of Conduction Disorders in Patients With Congenital 
Heart Disease and Right Atrial Volume Overload. JACC 
Clin Electrophysiol. 2020;6(5): 537-548. https://doi.



66	 REVIEWS 

JOURNAL OF ARRHYTHMOLOGY, № 1 (111), 2023

org/10.1016/j.jacep.2019.12.009.
41.	 Kotadia I, Whitaker J, Roney C, et al. Anisotropic Car-
diac Conduction. Arrhythm Electrophysiol Rev. 2020;9(4): 
202-210. https://doi.org/10.15420/aer.2020.04.
42.	 Ramlugun GS, Thomas B, Biktashev VN, et al. Dy-
namics of cardiac re-entry in micro-CT and serial histo-
logical sections based models of mammalian hearts. Pub-
lished online September 4, 2018. https://doi.org/10.48550/
arXiv.1809.01186.
43.	 Kharche SR, Biktasheva IV, Seemann G, et al. A Com-
puter Simulation Study of Anatomy Induced Drift of Spiral 
Waves in the Human Atrium. Biomed Res Int. 2015;2015: 
731386. https://doi.org/10.1155/2015/731386.
44.	 Hansen BJ, Zhao J, Csepe TA, et al. Atrial fibrillation 
driven by micro-anatomic intramural re-entry revealed 
by simultaneous sub-epicardial and sub-endocardial op-
tical mapping in explanted human hearts. Eur Heart J. 
2015;36(35): 2390-2401. https://doi.org/10.1093/eu-
rheartj/ehv233.
45.	 Castaño-Vélez AP, Ruiz-Villa CA, Castillo-Sanz A. 
Implication of the inferior vena cava in the generation of 

reentry in the pectinate muscles. Revista Facultad de Inge-
nieria. 2015;1(75): 15-23. https://doi.org/10.17533/udea.
redin.n75a03.
46.	 Kharbanda RK, Knops P, van der Does LJME, et al. 
Simultaneous Endo-Epicardial Mapping of the Human 
Right Atrium: Unraveling Atrial Excitation. J Am Heart 
Assoc. 2020;9(17): e017069. https://doi.org/10.1161/
JAHA.120.017069.
47.	 Guo ZG, Levi R, Aaronson LM, et al. The isolated 
human pectinate muscle: a reliable preparation of human 
cardiac tissue. J Pharmacol Methods. 1983;9(2): 127-135. 
https://doi.org/10.1016/0160-5402(83)90004-9.
48.	 Kahr PC, Tao G, Kadow ZA, et al. A novel transgenic 
Cre allele to label mouse cardiac conduction system. Dev 
Biol. 2021;478: 163-172. https://doi.org/10.1016/j.yd-
bio.2021.07.005.
49.	 Li YD, Hong YF, Yusufuaji Y, et al. Altered expres-
sion of hyperpolarization-activated cyclic nucleotide-gat-
ed channels and microRNA-1 and -133 in patients with 
age-associated atrial fibrillation. Mol Med Rep. 2015;12(3): 
3243-3248. https://doi.org/10.3892/mmr.2015.3831.



REVIEWS 	 67

JOURNAL OF ARRHYTHMOLOGY, № 1 (111), 2023




