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 Introduction

Sudden cardiac death accounts for 300 000 deaths per 
year in the USA [1] and up to 5% are due to arrhythmias 
related to genetic abnormalities [2]. Many of these 
arrhythmias originate in the right ventricle (RV) and, in 
particular, the right ventricular outflow tract (RVOT) 
[3,4]. Although the mechanisms underlying these arrhyth-
mias have been thoroughly investigated over the last 15 
years, several aspects remain insufficiently understood. In 
particular, it is still unclear why the RVOT is the prefer-
ential site of origin of these arrhythmias. Animal studies 
show that during embryonic heart development, the 
RVOT forms from the embryonic outflow tract (OFT) 
[5] which, in contrast to the developing ventricles, has 

slow‐conducting properties [6]. The OFT is in turn 
derived from a pool of cardiac precursor cells that differs 
from those of the left ventricle (LV) [7]. The differences 
in embryonic origin and phenotype between the LV and 
RV may provide insight into the arrhythmogenic nature 
of the RVOT [8].

 Development of the outflow tract

Early development of the embryonic outflow tract

Studies in mice and chickens have shown that the heart 
forms from a pool of cardiac precursor cells located in a 
crescent‐shaped field. The heart field can be divided into 
progenitor cells, that are located laterally in the embryo 
and differentiate early into myocardium (referred to as 
the first heart field) [7], and cells that are located medi-
ally and caudally and differentiate later during cardiac 
development (referred to as the second heart field).

The cells from the first heart field fuse at the midline 
and form a tube. This early heart tube is composed of 
primary (embryonic) myocardium and has an inflow 
tract and an OFT interconnected at the dorsal side by 
the fusing mesocardium. The early heart tube grows by 
recruitment of progenitor cells of the second heart 
field, which are added at the inflow tract, OFT, and 
dorsal mesocardium. During this elongation phase, the 
heart tube loops and ventricular working myocardium 
differentiates at the ventral side and atrial working myo-
cardium at the dorsal side of the tube [9]. The chambers 
expand by rapid proliferation of the differentiating 
myocytes, whereas the parts flanking the chambers, 
the atrioventricular (AV) canal, the OFT, and the inner 
curvature, neither proliferate nor expand, and do not 
differentiate into working myocardium [9].

The LV starts to differentiate first, followed by the RV, 
which differentiates and expands cranially of the LV. 
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Summary

Ventricular arrhythmias, especially those of non‐ischemic 
heart diseases, arise mostly from the outflows. Differences 
in embryonic origin and phenotype may account for 
arrhythmogenic propensity of right ventricular outflow tract 
(RVOT). The anatomy of the ventricles may be divided 
into inflow, apex, and outflow. As far as RVOT (pulmonary 
infundibulum) is concerned, it goes from the moderation band 
to the semilunar pulmonary valves. Since some myocardium 
extends distally from the “nadir” of the valve ring, arrhythmias 
may originate from the “pulmonary artery.” This is true also on 
the aortic side, where the myocardium located within the 
coronary Valsalva sinuses may be the source of “aortic” 
arrhythmias. Arrhythmias with substrate from the RVOT may 
be genetically determined (arrhythmogenic cardiomyopathy), 
immune mediated (sarcoidosis) or infective (viral myocarditis), 
or form without substrate (idiopathic RVOT tachycardia). It is 
still controversial whether Brugada syndrome occurs in normal 
hearts or presents a substrate at the infundibular level.

Electroanatomical mapping plays a crucial role in 
establishing the existence of lacking electrical activity (“electric 
scars”), but it is unable to establish the precise nature of the 
underlying disease. Endomyocardial biopsy in this setting is 
the gold standard for diagnosis.
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Because these structures are formed subsequently, the 
progenitor cells of these three compartments have a 
different developmental history and have been exposed 
to different signals and gene programs prior to their 
differentiation [10]. In the embryonic heart, the OFT 
extends at the outer curvature from the RV to the peri-
cardial cavity and at the inner curvature from the LV 
(here connected to the AV canal) to the pericardial 
cavity. At this stage, the OFT myocardium still retains its 
primary myocardial phenotype  –  slow conduction and 
low contractility  –  while the LV and RV acquire the 
working myocardial phenotype  –  fast conduction and 
high contractility (Figure 2.1).

Transition from embryonic outflow tract 
to left and right ventricular outflow tracts

Since the embryonic OFT is commonly defined as the 
tubular structure connecting the embryonic RV with 
the pericardial deflection, its cell composition 
changes immensely over time. This is because during 
development, cells from the pharyngeal mesoderm 
pass through the embryonic OFT towards the RV, 
enabling ventricular growth [11]. At 28–32 days of 
human development (embryonic), the OFT fully con-
sists of myocardial cells. Further in development, the 
distal part will become composed of non‐myocardial 
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Figure 2.1 The developing outflow tract of the human heart. (a) At this stage the myocardial outflow tract (OFT), connecting the right 
ventricle with the aortic sac (as), is tubular. The 3rd, 4th, and 6th aortic arches originate directly from the aortic sac. (b) The intrapericardial 
mesenchymal tissue forming the column‐like structures at the ventral and dorsal aspects of the distal outflow tract (asterisks in (a)). (c) 
The muscular outflow tract has further shortened, and the mass of the right ventricle is ventrally recognizable. The extrapericardial 
portions of the perpendicularly oriented ascending aorta and pulmonary trunk are separated from each other by mesenchymal tissue. 
(d) The myocardial outflow tract has further shortened, along with formation of the right ventricular infundibulum (RVOT). The 
intrapericardial ascending aorta and pulmonary trunk now possess their own discrete non‐myocardial walls. The arrows in (b) and (f ) 
point to the characteristic bend of the myocardial outflow tract, dividing it into proximal and distal parts. Dotted lines in (f ) refer to the 
spirally oriented channels in the proximal outflow tract connecting the unseptated distal outflow tract with the right ventricle (white line) 
and the primary interventricular foramen (green line). (g) The relations between the developing ascending aorta and pulmonary trunk 
(white and green dotted lines, respectively) now resemble the situation seen in the formed heart. The asterisk in (h) refers to the 
myocardializing mesenchyme between the ventricular outflow tracts. Source: Modified from Sizarov et al. [12] with permission of John 
Wiley & Sons. AVC, atrioventricular canal; e/tr, (undivided) developing esophagus and trachea; LA/RA, left/right atrium; LSCV, left superior 
cardinal vein; lsh, left sinus horn; LV/RV, left/right ventricle; SV, sinus venosus; pv, pulmonary vein; tr, trachea; cs, coronary sinus.
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cells, which will later, after septation, give rise to the 
intrapericardial aortic and pulmonary components 
[12,13]. The proximal part of the embryonic OFT will 
ventricularize and be incorporated into the ventricular 
free wall and form the left ventricular outflow tract 
(LVOT) and RVOT, respectively.

Thus, the RVOT and LVOT have a common origin, 
which may point to a common mechanism underlying 
outflow tract arrhythmias. Interestingly, however, the 
inferior part of the embryonic OFT gives rise to the sub-
pulmonary myocardium (corresponding to the RVOT), 
and the superior part to the subaortic myocardium 
(corresponding to the LVOT). These two parts show 
differential gene expression (e.g. inferior part expresses 
Sema3C) and the subpulmonary myocardium is specifi-
cally affected and possibly largely absent in Tbx1 mutant 
mice [14]. Therefore, the RVOT and LVOT are not 
molecularly identical, but both are different from the LV 
and RV. The RVOT and LVOT acquire the working 
myocardial phenotype just before birth [15].

 Developmental basis for RVOT 
arrhythmias

Electrophysiological characteristics 
of the RVOT

Conduction in the myocardium depends on the availa-
bility of sodium (Na+) channels (encoded by SCN5A) 
and intercellular electrical coupling by gap junctions, 
which are formed by connexin (Cx) subunits. In the 
developing human working myocardium, the expres-
sion of SCN5A, CX40, and CX43 is high [16], which 
results in relatively fast conduction (±20 cm/s) [6]. 
In  the embryonic OFT, however, the expression of 
SCN5A is low and the expression of Cx40 and Cx43 is 
absent, resulting in slow conduction (±1–5 cm/s) [6]. 
Accordingly, myocytes isolated from the embryonic 
OFT have a slower upstroke velocity and a less depolar-
ized resting membrane potential than myocytes from 
the RV or LV [17,18].

During the fetal stage of development, the embryonic 
OFT is fully incorporated into the RV myocardium and 
forms the RVOT and LVOT. In the fetal RVOT, conduc-
tion is faster (±5–10 cm/s) than in the embryonic OFT 
(±1–5 cm/s). However, it still remains slower than in the 
working myocardium (±40 cm/s) [15]. The expression of 
Cx43 is maintained in the ventricles, but remains absent 
from the RVOT. In the adult heart, the Cx43‐ negative 
myocardium only remains present just below the pul-
monary valves, thereby resembling the ring of pri-
mary myocardium that is present at the entrance of the 
RV and LV [19,20]. Primary myocardium is spontane-
ously active and is often, although incorrectly, referred to 

as nodal myocardium. These primary myocardial cells 
could give rise to spontaneous activity.

In the adult heart, the expression of Cx43 is lower in the 
RVOT than in the remainder of the heart. Despite this, 
the conduction velocity in the adult RVOT is not slower 
than in the remaining RV (±40 cm/s in both). The low 
expression of Cx43 and SCN5A in the RVOT, however, 
indicates a lower safety factor [21] for conduction than in 
the RV. Indeed, when the safety factor of cardiac conduc-
tion is decreased pharmacologically (sodium channel 
blockade) or genetically (heterozygous mutation in 
SCN5A), conduction becomes slower in the RVOT than 
in the RV or LV [15]. This suggests that, at least in mice, 
this aspect of the slowly conducting embryonic OFT is 
retained in the free wall of the adult RVOT (Figure 2.2).

Predisposition of the RVOT to arrhythmias

Arrhythmias originating predominantly in the RVOT 
include idiopathic outflow tract tachycardia, Brugada 
syndrome, and, to a lesser extent, arrhythmogenic car-
diomyopathy. Arrhythmias in these cardiac pathologies 
usually do not occur at a pediatric age but rather in young 
adulthood, indicating that postnatal development and 
maturation play an important role in disease develop-
ment. The electrophysiological characteristics of the 
RVOT, however, develop prenatally and are different 
from those of the LV and RV [15]. The developmental 
history and phenotype of the RVOT are not intrinsically 
arrhythmogenic, but may predispose to arrhythmias in 
the setting of an active pathological mechanism that 
progresses during life.

Brugada syndrome
The Brugada syndrome is characterized by ST segment 
elevation in the right precordial leads and highly fraction-
ated local electrograms in the RVOT and ventricular 
arrhythmias [22–26]. The mechanism underlying these 
characteristics is debated, but evidence supporting con-
duction delay or block as a potential mechanism is accu-
mulating. In 20–30% of Brugada syndrome patients, a 
loss of function mutation in SCN5A has been found [24]. 
A reduction in the Na + current itself, however, does not 
lead to Brugada characteristics [26a]. In contrast, reduc-
ing the Na + current is used to discriminate between 
patients who have Brugada syndrome and those who do 
not [24]. In patients with Brugada syndrome, subtle, small 
structural discontinuities have been demonstrated in the 
RV free wall and RVOT [23,27,28]. Experimental and clin-
ical studies have shown that conduction can be delayed in 
the myocardium with small structural discontinuities or 
even be blocked by a mechanism called current‐to‐load 
mismatch [29,30]. Conduction block is a prerequisite for 
reentry and may generate a substrate for reentrant‐based 
arrhythmias as seen in Brugada syndrome patients [27]. 
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In addition, conduction delay or block can cause ST seg-
ment elevation on the body surface electrocardiogram 
(ECG), which is a hallmark of Brugada syndrome [31,32].

Although a unifying mechanism explaining arrhyth-
mias in Brugada syndrome patients has been proposed 
[32], it does not offer an explanation for the preferential 
location of these arrhythmias in the RVOT. We thus sur-
mise that genes of the ventricular working myocardial 
genetic program are less active in the RVOT, resulting in 
a reduced safety of conduction, thereby facilitating cur-
rent‐to‐load mismatch and subsequently arrhythmias. 
Indeed, lower expression of Cx43 protein has been found 
in the epicardial region of the RVOT when compared to 
the RV in patients with Brugada syndrome [33].

Idiopathic outflow tract tachycardias
The mechanism underlying idiopathic RVOT tachycardias 
is, by definition, unknown. However, these arrhythmias 
are catecholamine sensitive, suggesting automaticity or 
triggered activity as an underlying mechanism. Indeed, 
idiopathic arrhythmias can be treated with adenosine or 
beta‐blockers [4]. A subset of myocytes in the RVOT 
have long action potentials, do not depolarize fully to the 
resting membrane potential, and easily develop early 
afterdepolarizations [34]. This electrophysiological phe-
notype is expected from the primary ring myocardium 
that is present just below, and above, the valves of the 
pulmonary artery. These primary myocytes may, in the 
presence of structural changes or uncoupling, give rise to 
spontaneous activity [19,35]. Consistently, ectopic beats 

in the RVOT are reported to originate from the myocar-
dium just below the pulmonary valve and even from 
myocardial sleeves in the pulmonary artery [36,37].
For the moment, however, the direct relation between 
these primary cells and idiopathic RVOT tachycardia 
remains elusive and further research is required to 
determine a causal relation.

 Anatomy of the right ventricle

The RV is the chamber between the tricuspid AV valve 
and pulmonary semilunar cusps, located anteriorly and 
right sided, just underneath the sternum. When seen 
from outside, it is easily identifiable, being located on the 
right between the anterior and posterior interventricular 
grooves, where the anterior and posterior descending 
coronary arteries and great cardiac vein and middle cardiac 
vein run, respectively. The shape is triangular, with the base 
corresponding to the AV sulcus and the pulmonary valve 
orifice, and the apex distally.

The RV is a coarse trabeculated chamber, which may 
be divided in three parts: inflow, apex, and outlet 
(Figure 2.3). The inflow corresponds to the part which 
hosts the tricuspid valve apparatus, from the AV ring to 
the base of papillary muscles. The outlet, known also as 
the pulmonary infundibulum, is the part of the RV which 
goes from the moderator band and the sigmoid pulmo-
nary valves. The apical segment is what remains distally 
up to the apex.

RV RVOT RVOT
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2. Abnormal Ca handling?
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Figure 2.2 Developmental basis for RVOT arrhythmias. The adult RVOT has formed from the embryonic outflow tract (left), which is 
composed primarily of the myocardium exhibiting slow conduction and spontaneous activity. During development, the embryonic 
outflow tract acquires a working myocardial phenotype, e.g. fast conduction, and transforms into the RVOT. A small ring of primary 
myocardium, however, still remains just below the pulmonary valve which may give rise to automaticity as seen in patients with 
idiopathic RVOT tachycardia. The myocardium of the free wall and septum of the adult RVOT has a working myocardial phenotype, 
although expression of Cx43 and SCN5A is lower than in the right ventricle. This may set the stage for reentrant‐based arrhythmias as seen 
in patients with the Brugada syndrome. LV, left ventricle; OFT, outflow tract; RV, right ventricle; RVOT, right ventricular outflow tract.
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Tricuspid valve

The tricuspid valve is a complex valvular structure which, 
despite being called AV because it is interposed between 
the atrium and ventricle, is a ventricular structure like 
the mitral valve, both anatomically and embryologically. 
It consists of three leaflets (tri‐cuspid). The base of the 
septal leaflet is attached to the septal AV junction and 
goes from the anteroseptal to the posteroseptal commis-
sures. The anteroseptal commissure corresponds to the 
area of the membranous septum and is indicated by fan‐
like chordae tendinae originating from the so‐called 
Lancisi (conal) papillary muscle attached to the ventricu-
lar septum. The posteroseptal commissure is indicated 
by fan‐like chordae arising from the group of posterior 
papillary muscles. A peculiar feature of the tricuspid 
valve consists in the attachment of the septal leaflet to 
the ventricular septum by chordae tendinae, directly or 
mediated by tiny papillary muscles.

The anterior leaflet is a large curtain in between the 
anteroseptal and anteroposterior commissures. The lat-
ter is indicated by the anterior papillary muscle, a long 
pillar from the tip of which chordae tendinae arise to join 
both the anterior and posterior leaflets, including the 
fan‐like chordae for the anteroposterior commissure. 
The base of the anterior leaflet is attached to the AV ring 
of the anterior free wall. The difference between the 
anterior mitral valve leaflet and the anterior leaflet of the 
tricuspid valve is that the latter is not in fibrous continu-
ity with the pulmonary semilunar cusps, because of the 
crista supraventricularis, a muscular structure wedged in 
between and consisting of septal and parietal compo-
nents. This big structure, hanging over the RV, accounts 
for the anterior position of the RVOT when compared to 
the LVOT. The posterior leaflet of the tricuspid valve is 
attached to the ring of the posterior AV sulcus, from the 

acute margin to the crux cordis, and delimited by the 
anterolateral and posteroseptal commissures. Seen from 
outside, the acute margin of the heart roughly indicates 
the border between the anterior and posterior RV free 
walls and anterior and posterior leaflets. It corresponds 
to the anteroposterior commissure of the tricuspid valve.

The tricuspid valve commissures, defined as the 
boundary between two leaflets where the distance from 
the free margin to the AV ring is shorter, show leaflet 
continuity. However, anteroseptal commissure disconti-
nuity is seen in 20–30% of cases so that the underlying 
membranous septum appears bare. This facilitates 
intracavitary recording of His bundle electrical activity 
as well as ablation to achieve iatrogenic AV block when 
necessary [38].

Tricuspid valve leaflets exhibit first‐order chordae, 
attached to the free margin, and second‐order chordae 
attached to the ventricular surface (rough zone of the 
leaflets), anchoring the subvalvular apparatus (so‐called 
strut chordae). Third‐order short chordae arise close to 
the basal attachment of the mural leaflets (anterior and 
posterior), as seen in the mitral valve.

Right ventricular outflow tract

The outlet part of the RV corresponds to the embryonic 
“conus” or bulbus cordis, so‐called because of its conical 
shape (Figure 2.4). It starts proximally from the moderator 
band, a peculiar muscular bundle originally described by 
Leonardo da Vinci in his outstanding anatomical pictures 
(Figure 2.5). Leonardo employed the adjective “modera-
tor” due to the alleged function to restrain the action of 
the anterior papillary muscle of the tricuspid valve, 
anchoring its base to the ventricular septum. It connects 
the anterior papillary muscle of the tricuspid valve to the 
septal band. Together, they are known as the trabecula 
septomarginalis or septomarginal band. The septal band, 
namely the septal part of the trabecular septomarginalis, is 
a prominent, distinct structure of the right‐sided surface 
of the ventricular septum and represents a landmark of 
the RV (see Figure  2.4). The right bundle branch runs 
under the subendocardium and, when reaching the mod-
erator band, divides with a distinctive branch coursing 
along the anterior papillary muscle of the tricuspid valve. 
The proximal part of the septal band, at the level of the 
Lancisi (conal) muscle, divides into two limbs, one ante-
rior and one posterior, with a sling configuration, hosting 
the septal branch of the crista supraventricularis. The 
anterior wall of the pulmonary infundibulum may show 
thick trabeculae originating from the ventricular septum 
(septoparietal bands), different from the parietal band of 
the crista (see Figure 2.4).

There are three semilunar cusps (anterior, postero‐
right, and postero‐left) within the sinuses of Valsalva and 
separated by commissures. The cusps are attached to the 

Figure 2.3 The tripartite, coarsely trabeculated right ventricle. A, 
Inflow, hosting the tricuspid valve. B, Apex. C, Outflow from the 
moderator band to the pulmonary valve.
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pulmonary wall, which is an essential part of the valve 
apparatus. Overall, they show a crown‐shaped ring and 
lie over the infundibular myocardium (Figures 2.6, 2.7). 
The latter regularly extends over the ring, so the myocar-
dium of the RV is located beyond the hemodynamic ven-
triculoarterial boundary (see Figure  2.7). This explains 
the apparent paradox of arrhythmias originating from 
the pulmonary artery. Indeed, the pulmonary root is 
higher than the aortic root. Thus, the infundibular sep-
tum (namely, the septal band of the crista supraventricu-
laris) separates the pulmonary infundibulum from the 
sinus portion of the aorta, like a ventriculoarterial sep-
tum (Figures 2.8, 2.9). Thus, the infundibular septum is 
within the sinus portion of the aorta, seen from the left 
side. This may explain “aortic” arrhythmias, originating 
from the aortic side of the infundibular septum.

The myocardium of the RV free wall is 3–4 mm thick in 
the normal adult, with a variable amount of fatty tissue 
infiltrating the subepicardial layer. In obese people, 
an  extensive lipomatous infiltration may be observed 
 (“adipositas cordis”), equivalent to the subcutaneous adi-
pose tissue. This should not be confused with the fibro‐
fatty replacement of arrhythmogenic cardiomyopathy [39].

 Anatomy of the left ventricle

The LV is a posterior chamber between the mitral and 
aortic valves. Seen from the outside with an epicardial 
view, it may be easily identified on the left side of the 
heart, between the anterior and posterior descending 
coronary arteries, which run in the anterior and posterior 

Figure 2.4 The outflow tract of the right 
ventricle from the moderator band to the 
pulmonary valve.

(a) (b)

Figure 2.5 (a) Original drawing of the moderator band by Leonardo da Vinci. (b) The same in an ovine heart.
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interventricular grooves, respectively. The shape of the 
cavity is oval with inflow and outflow tracts separated by 
the anterior (aortic) mitral leaflet (Figure 2.10). The LV 
may be divided into three parts: inlet, apex, and outlet.

The inflow contains the left AV apparatus, which con-
sists of two leaflets, chordae tendinae, and two groups of 
papillary muscles. The shape of the mitral valve apparatus 
mimics a bishop’s miter, thus explaining why Andreas 
Vesalius coined the term “mitral.” The anterior leaflet is a 
large curtain receiving chordae from both anterolateral 

and posteromedial papillary muscles. It is deeper and nar-
rower than the posterior one. It is in fibrous continuity 
with the aortic valve (all posterior and part of the left 
 coronary cusps), and is not inserted into the AV ring 
(Figure 2.11). The posterior (“mural”) mitral leaflet is larger 
and less deep  than the anterior but the areas of both 
are almost equal. It is attached to the AV ring, which pro-
vides discontinuity between the atrial and ventricular 
 myocardium. The posterior leaflet usually consists of three 
scallops,  separated by commissural‐like indentations, 
known as “cleft commissures,” marked by fan cleft‐like 

Figure 2.6 Close‐up of the pulmonary infundibulum (right 
ventricular outflow tract). Note the Lancisi muscle: the crista 
supraventricularis with parietal and septal bands. All of the 
pulmonary semilunar cusps lie over musculature.

(a) (b)Figure 2.7 (a) Pulmonary arterial root: all 
the cusps are attached to muscle. (b) 
Histology of the postero‐left pulmonary 
semilunar cusp: the myocardium is well 
over the basal ring (hemodynamic border 
between the ventricular and pulmonary 
artery), and may be the source of 
“pulmonary” arrhythmias.

Figure 2.8 Basal short axis section of a cardiac specimen. 
The right and left outflow tracts are crossing over. Arrow indicates 
the so‐called infundibular septum (septal band of crista 
supraventricularis) separating the subvalvular pulmonary outflow 
from the supravalvular right aortic sinus.
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chordae  taking origin from the tips of the posteromedial 
papillary muscle. The anterolateral papillary muscle, 
which consists of a single pillar, is different from the pos-
teromedial, which consists of two or more pillars with 
several tips to support the wider leaflet. The anterolateral 
and posteromedial commissures represent the boundary 
between the leaflets, where they approximate each other 
but still keep in continuity. The commissures are well 
indicated by fan‐like chordae arising from the apex of the 

2.0 mm

(a) (b)

Figure 2.9 (a) Long axis view of the ventricular outflow tract. Asterisk indicates the “infundibular septum” separating the subpulmonary 
infundibulum from the right aortic sinus. (b) Histology of the “infundibular septum,” located just in front of the right aortic sinus. Access for 
ablating outflow tracts arrhythmias may be through the aorta.

Figure 2.10 Left ventricle in a long axis view. Note the inflow 
hosting the mitral valve, the apex with thin trabeculations, and 
the outflow tract corresponding to the smooth basal ventricular 
septum. Note the anterior (aortic) leaflet of the mitral valve 
separating the inflow from the outflow tract. The asterisk indicates 
the “infundibular” septum separating the pulmonary outflow tract 
from the sinus portion of the aorta.

Figure 2.11 The left ventricular outflow tract. Note the mitral 
valve free from attachment to the ventricular septum, 
the membranous septum (*) in between the right and non‐
coronary cusps. The latter and partially the left are in fibrous 
continuity with the anterior (“aortic”) leaflet of the mitral valve. 
Note the smooth basal part of the ventricular septum.



Embryology, Anatomy, and Pathology of Ventricular Outflow Tracts 15

papillary muscle pillars or tips. The chordae tendinae 
consist of three orders: the first order is attached to the 
free margin of the leaflet, the second order is attached to 
the ventricular surface (rough zone), and the third order 
arises from the posterolateral free wall (mediated or not 
by tiny papillary muscles), anchoring the posterior leaflet 
close to the AV ring. Some of the second‐order chordae to 
the anterior (aortic) leaflet are particularly long and thick 
and act as strut chordae to sustain the systolic closure of 
the mitral valve at high pressure.

The apical portion of the LV consists of tiny trabeculae 
and a thinner wall (see Figure 2.10). It usually forms the 
apex of the heart, although a bifid apex from both the RV 
and LV is not a rare occurrence.

The LVOT is posterior and inferior to the RVOT. They 
cross each other, with the anterosuperior right one run-
ning from right to left and the posteroinferior left one 
running from left to right.

Because of the discontinuity between the tricuspid and 
pulmonary valves by the crista supraventricularis, the 
pulmonary root is superior and to the left and the aortic 
root inferior and to the right.

The LVOT is wedged between the ventricular septum 
(anterosuperiorly) and the aortic mitral leaflet (posteroinfe-
riorly). Here, the septum is smooth without a septal band. At 
difference from the RVOT, which starts from the moderator 
band, it is hard to establish a landmark origin of the LVOT. 
We might mark it in the border between the smooth and the 
trabecular parts of the left side of the ventricular septum, 
which corresponds to the free margin of the anterior (aortic) 
mitral leaflet in diastole. The length of the LVOT varies 
according to the cardiac phases. It is long and tubular during 
diastole at the opening of the anterior (aortic) mitral leaflet 
and much shorter during systole, when the anterior leaflet 
moves posteroinferiorly to close the mitral orifice and stick 
with the posterior leaflet. No muscular structure, such as the 
crista supraventricularis of the RV, is interposed in between 
the aorta and the mitral valve (see Figure 2.11). An anterolat-
eral muscle band, variable in thickness, is located between 
the ventricular septum and the anterior leaflet of the mitral 
valve, just underneath the left coronary cusp.

The aortic valve apparatus is housed within the sinus 
portion of the ascending aorta (sinuses of Valsalva). The 
aortic valve is tricuspid (see Figure 2.11) and consists of:

 ● a posterior, non‐coronary sigmoid cusp, which is in 
fibrous continuity with the anterior (aortic) leaflet of 
the mitral valve

 ● a left coronary cusp, in continuity with both the ante-
rior mitral leaflet and the anterolateral muscle band

 ● an anterior right coronary cusp, lying over the myo-
cardium of the ventricular septum.

Compared to the pulmonary valve, which is entirely 
over  the myocardium of the pulmonary infundibulum, 
the aortic valve attaches either to the septal and 

 anterolateral myocardium or to fibrous tissue of the 
aortic‐mitral continuity (Figure 2.12). The aortic ring is 
crown‐shaped with intercuspal triangles, their apex 
representing the commissures, namely the highest attach-
ment of the cusps to the aortic wall (see Figure 2.11). 

NC
Sinus

RC
Sinus

(b)

(a)

(c)

Figure 2.12 (a) Aortic root: the whole non‐coronary cusp and part 
of the left coronary cusp are in fibrous continuity with the mitral 
valve, whereas the entire right coronary and part of the left 
coronary cusp are attached to muscle. (b) Histology of the mitro‐
aortic fibrous continuity. (c) Histology of the right coronary sinus 
with ventricular septal myocardium over the valve ring. NC, 
non-coronary; RC, right coronary.
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Compared to the mitral valve leaflets, which are still 
in continuity at the commissures, both the pulmonary 
and aortic semilunar cusps are in discontinuity at the 
commissural level.

 Atrioventricular conduction system 
and ventricular outflow tracts

The axis of the AV conduction, the specialized struc-
ture joining the atria to the ventricles, is topographi-
cally related on the right side to the inflow and on the 
left side to the outflow [38]. The AV node is located on 
the right side of the atrial septum within the so‐called 
triangle of Koch, in front of the opening of the coro-
nary sinus. The His bundle penetrates the central 
fibrous ring at the apex of the Koch triangle and runs 
underneath the membranous septum over the crest (or 
on the left) of the ventricular septum, and then divides 
into right and left bundle branches. The right bundle 
branch at the level of the Lancisi (conal) septum turns 
down with either a subendocardial or, more frequently, 
an intramyocardial course. The left bundle branch 
spreads out like a sheet in the subendocardium of the 
left side of the ventricular septum, subdividing into 
anterior and posterior fascicles. Because of the crista 
supraventricularis, the His bundle is not exposed to 
the RVOT whereas it is an intrinsic part of the LVOT. 
When seen from above (aorta), the commissure in 
between the non‐coronary and right aortic cusps is a 
landmark, being located just above the His bundle. 
The distance between the aortic surgical ring (the 
so‐called cusp “nadir”) and the His bundle in the adult 
is about 3–5 mm (Figure 2.13).

 Pathology of non‐ischemic 
arrhythmias from the ventricular 
outflow tract

Most of the tachyarrhythmias arising from the ventric-
ular outflow have a substrate, accounting for triggered 
activity or reentry circuits, and are mostly non‐ischemic. 
More rarely, the culprits are merely functional disorders, 
including ion channel diseases. Differential diagnosis 
between the two entities (organic versus functional) 
may be pursued in vivo with the help of tissue charac-
terization imaging tools and endomyocardial biopsy, 
which still remains the gold standard in some patients. 
The latter tool is in fact able to detect histological 
or  ultrastructural abnormalities like inflammation, 
fibrosis, necrosis or adipose tissue, storage disease or 
infiltrative interstitial deposits.

Non‐ischemic arrhythmic substrates 
of the RVOT

Arrhythmogenic cardiomyopathy
Arrhythmogenic cardiomyopathy is heredo‐familial dis-
order due to mutations of genes encoding cell junction 
proteins (desmosome), characterized by a pathogno-
monic substrate, namely fibro‐fatty replacement of the 
ventricular myocardium (Figures 2.14, 2.15) [40–43].

Originally believed to be confined to the RV and 
featured by ventricular arrhythmias with left bundle 
branch morphology, it has been recently recognized as 
biventricular cardiomyopathy or even involving only the 
LV with isolated non‐ischemic scars and polymorphic 
ventricular arrhythmias. Nowadays, the original term 
arrhythmogenic RV cardiomyopathy has been replaced 
with arrhythmogenic cardiomyopathy.

Ventricular electrical instability is high, which explains 
the propensity to sustained ventricular tachycardia/
fibrillation with cardiac arrest, mostly occurring during 
effort. It has been well demonstrated, in both human 
and animal models, that it is a genetically determined 

(a)

(b)

Figure 2.13 The AV conduction system, which is mostly exposed 
to the left ventricular outflow tract, in a tight relationship with the 
membranous septum. (a) View from the right side. (b) View from 
the left side.
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cardiomyopathy, with onset and progression of myocyte 
death and fibro‐fatty replacement occurring during 
childhood, adolescence, and adulthood. Since loss of the 
myocardium begins after birth, arrhythmogenic cardio-
myopathy cannot be considered a congenital heart 

 disease (defect present at birth). The phenomenon of cell 
death, with fibro‐fatty replacement as a consequence of 
repair, starts from the epicardium. In the RV it extends 
progressively deeper into the endocardium like a wave 
front phenomenon, so it is reachable by the bioptome at 

Figure 2.14 Arrhythmogenic cardiomyopathy with fibro‐fatty replacement of the right ventricular outflow tract. The ECG shows inverted 
T waves in the precordial leads and an apparently innocent premature ventricular beat.
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endomyocardial biopsy. When transmurally replaced by 
fibro‐fatty tissue, the RV wall becomes thin and weak, 
leading to remodeling with the development of ventric-
ular aneurysms in the so‐called triangle of dysplasia 
(inflow, apex, outflow). The RV cavity becomes enlarged 
with depressed contractility and decreased ejection frac-
tion. RVOT dilation is a common occurrence, easily seen 
by echocardiography. The aneurysm located at the 
inflow in the subtricuspid diaphragmatic wall should be 
considered a pathognomonic marker of arrhythmogenic 
cardiomyopathy.

The RV remodeling explains the typical phenotype of 
this cardiomyopathy.

 ● Electrical disorders consisting of delayed ventricular 
depolarization (large QRS, epsilon wave, late poten-
tials), repolarization abnormalities (inverted T waves 
in right precordial leads exploring the outlet and 
anterior wall of the RV), ventricular tachyarrhyth-
mias with left bundle branch block morphology, 
 positive electrophysiological test at ventricular stim-
ulation. The aneurysms favor reentry circuits of the 
electrical stimulus with onset of ventricular 
arrhythmias.

 ● Depressed ventricular contractility, which may lead to 
congestive heart failure. In advanced stages, it may be 
so severe that it may require cardiac transplantation. 
Arrhythmogenic cardiomyopathy, mimicking dilated 
cardiomyopathy, accounts for 4% of indications of 

 cardiac transplantation [44]. RV enlargement, aneu-
rysms and depressed contractility are well visible by 
two‐dimensional echocardiography, which represents 
a low‐cost, rapid tool for assessment of ventricular 
remodeling and dysfunction. Contrast cardiac mag-
netic resonance imaging, with late enhancement by 
gadolinium, adds information on tissue composition by 
visualizing fibro‐fatty replacement [45].

 ● In 80% of cases of fibro‐fatty infiltration, the phenom-
enon is topographically diffused with the occurrence 
of aneurysms [41]. Oddly enough, the ventricular 
septum is almost always spared and cannot be consid-
ered the target for endomyocardial biopsy as a source 
of fibro‐fatty tissue. The RV disease may be segmen-
tal, with sole involvement of the RVOT, as a source of 
infundibular tachyarrhythmias and may require 
differential diagnosis with idiopathic RVOT tachy-
cardia (Figures 2.17, 2.18). The pathology of the LV in 
arrhythmogenic cardiomyopathy includes “non‐ischemic 
scars,” typically located in the subepicardium  – 
 midwall. Since the disease is biventricular in 70% of 
cases, and the LV “scars” are easily detectable by car-
diac magnetic resonance, the LV may be considered 
the diagnostic “mirror” of the RV in arrhythmogenic 
cardiomyopathy [45].

 ● “Electrical” scars, namely myocardial areas that are 
electrically silent at electroanatomical mapping. 
No electrical activity may originate from areas with 

Figure 2.15 Segmental arrhythmogenic cardiomyopathy with fibro‐fatty replacement limited to the pulmonary infundibulum 
(postmortem CMR, gross view, panoramic and close‐up histology of the RVOT).
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fibro‐fatty replacement (see Figures 2.16, 2.17, 2.18) 
[45,46]. It is interesting to note that, as far as the RV 
free wall, because of the pathological thinning, electro-
anatomical mapping is superior to contrast cardiac 

magnetic resonance to visualize areas of “non‐
ischemic” fibro‐fatty scars.

 ● Right ventricular endomyocardial biopsy plays a pivotal 
role in the in vivo diagnosis by detecting the substrate 

Bipolar Voltage

21 22 23 24 25 26 27 28 29

Figure 2.16 Electrophysiological mapping of extensive electrical scars and an endomyocardial biopsy showing severe fibro‐fatty 
replacement in a patient with ECG and echocardiographic features of arrhythmogenic cardiomyopathy.
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of fibro‐fatty replacement. Histomorphometric quanti-
tative parameters have been calculated, thus providing 
major and minor criteria for the tissue characteriza-
tion category [47,48]. When the residual myocardium 
(which accounts for 85% of the area in the normal 
heart) is less than 60% in a bioptic sample due to fibro‐

fatty replacement, the histological examination is 
pathognomonic for arrhythmogenic cardiomyopathy 
and is nowadays considered one of the major criteria 
for achieving the final diagnosis (see Figures  2.16, 
2.17). To increase the sensitivity, the bioptome should 
point to the free wall where the fibro‐fatty replacement 

> = 1.50 m

< = 0.50 m
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L3

V1 V4

V5V2
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Figure 2.17 Electrophysiological mapping showing infundibular electrical scars and an endomyocardial biopsy with fibro‐fatty 
replacement. The ECG shows left bundle branch block ventricular tachycardia with inferior axis.
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may be transmural, reaching the endocardium, and 
not the ventricular septum which is exceptionally 
involved. Perforation is rare and the risk is acceptable 
since it is not life‐threatening and cardiac tamponade 
remains exceptional. However, bleeding may occur 
although rarely. Immunostaining for plakoglobin has 
been proposed as an additional diagnostic marker of 
arrhythmogenic cardiomyopathy [49], but additional 
validation is required.

Myocarditis
Ventricular arrhythmias are one of the clinical presen-
tations of myocarditis, especially when focal without 
impairment of contractility and congestive heart failure 
[50]. Acute myocarditis may be localized in the RVOT 
and be the origin of ventricular arrhythmias with left 
bundle branch block morphology [51]. Lymphocyte 
infiltrates associated with myocyte death and inflam-
matory edema may interfere with Na + or K+ inflow‐
outflow and myocyte depolarization‐repolarization, 
thus accounting for electrical instability.

Endomyocardial biopsy is still the gold standard for 
diagnosis, even though in cases of focal myocarditis the 
sampling error may be high. Several pieces of endomy-
ocardium are mandatory to avoid sampling errors and 
increased sensitivity. Molecular investigation with pol-
ymerase chain reaction in acute early phase may help 
to establish the precise etiological diagnosis, whether 

RNA (especially enterovirus) or DNA (especially ade-
novirus) viruses. It is interesting to note that myocardi-
tis in the acute phase may not be associated with 
extensive loss of myocardium so that electroanatomical 
mapping may produce negative results. In this setting, 
the coupling of  electroanatomical mapping and 
 endomyocardial biopsy plays a key role in differential 
diagnosis between arrhythmogenic cardiomyopathy 
(electroanatomical mapping and biopsy both positive 
because of fibro‐fatty replacement) and myocarditis 
(electroanatomical mapping negative and endomyo-
cardial biopsy positive) (Figure  2.19), as well as idio-
pathic tachycardia of the RVOT (electroanatomical 
mapping and endomyocardial biopsy both negative) 
[51,52] (Figure 2.20).

Sarcoidosis
Clinically evident cardiac involvement may occur in 
5%  of patients with sarcoidosis, even as a primary 
 manifestation [53]. Another 20–25% of pulmonary/ 
systemic sarcoidosis patients have asymptomatic cardiac 
involvement  (clinically silent disease). Although conduc-
tion disturbances and heart failure are the main clinical 
signs, ventricular arrhythmias are also a common 
presentation.

The disease is mostly a multisystem, non‐infective, 
granulomatous morbid entity, with non‐caseating granu-
lomas as a pathological hallmark. No specific pattern of 

1.5 mV
EP

EN

MB

Figure 2.18 Extensive electrical scar by electroanatomical mapping and transmural fibro‐fatty replacement of the pulmonary 
infundibulum at postmortem histology. EP, epicardium; EN, endocardium; MB, moderator band.
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late enhancement is diagnostic for cardiac involve-
ment, although it is most often seen in basal segments 
(particularly of the septum and lateral wall). By fluoro-
deoxyglucose positron emission tomography (PET), 
focal or diffuse fluorodeoxyglucose uptake patterns 
suggest active cardiac sarcoidosis. Differential  diagnosis 

with other diseases (myocarditis, arrhythmogenic car-
diomyopathy) is achieved by endomyocardial biopsy 
(Figure  2.21) [54,55]. Unfortunately, the sensitivity of 
biopsy is low (nearly 25%), due to sampling error 
because the focal nature of the disease. To increase the 
sensitivity,  imaging‐guided (PET‐cardiac magnetic 

Figure 2.19 Negative electroanatomical mapping and acute myocarditis from an endomyocardial biopsy in a patient with ventricular 
tachycardia of left bundle branch morphology.
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resonance (CMR)) biopsy procedures, especially of the 
lymph nodes, are recommended and may increase 
 sensitivity up to 50%. In cardiac sarcoidosis, electro-
anatomical mapping is positive but non‐specific. Thus, 
endomyocardial biopsy is pathognomonic and still 
the  gold standard for a certain diagnosis of cardiac 
sarcoidosis.

RVOT ventricular arrhythmias without substrate

RVOT or LVOT tachyarrhythmias (premature ventric-
ular beats, non‐sustained and sustained monomorphic 
ventricular tachycardia, ventricular fibrillation) may 

occur in the absence of structural myocardial disease. 
They may originate from either the subvalvular or sup-
ravalvular regions in the ventricular outflows. They 
include myocardium located within the sinus of Valsalva 
beyond the hemodynamical border of the crown‐
shaped valve ring of both the pulmonary and aortic 
semilunar valves [56]. Outflow tract arrhythmias are 
identified by an electrocardiographic pattern consistent 
with a left bundle branch block morphology with infe-
rior axis. They are caused by cAMP‐mediated triggered 
activity and terminated by administration of adenosine. 
They are benign and not genetically determined. 
Of  course, being ventricular arrhythmias without 

aVR

21.63 mV

0.05 mV

1.27 cm

1.50

I

II

III

aVL

aVF

V4

V5

V6

V1

V2

V3

Figure 2.20 Normal electrical activity (negative electrophysiological mapping) and endomyocardial biopsy (preserved myocardium) in a 
patient with left bundle branch block ventricular tachycardia (idiopathic RVOT tachycardia).
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Figure 2.21 Ventricular tachycardia with left bundle branch morphology in a patient with an ECG‐clinical diagnosis of arrhythmogenic 
cardiomyopathy and sarcoidosis identified in the explanted heart at transplantation. Note the non-caseous granuloma.
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 substrate, unipolar or bipolar electroanatomical map-
ping results are negative (Figure 2.20). Nonetheless, 
catheter‐based radiofrequency ablation may represent 
definitive treatment [57].

Brugada syndrome
This is an inherited arrhythmic disorder featuring a non‐
ischemic ST segment elevation in right precordial leads 
in a 12‐lead ECG [22–25] (Figure 2.22). Mutations of the 
SCN5A gene have been found in about 20% of cases. 
While the report by the Brugada brothers described a 
syndrome in survivors of cardiac arrest without struc-
tural disease [22], the original description in the litera-
ture was of “ventricular fibrillation without apparent 

heart disease.” In fact, structural abnormalities of the RV 
determined by either autopsy or endomyocardial biopsy 
were found in five out of six patients [23]. Since then, the 
presence of a substrate has remained a matter of debate 
in the literature.

There are two main theories to explain the pathogenesis 
of Brugada syndrome: repolarization and depolarization.
Yan and Antzelevitch first advanced the theory of an 
abnormal transmural repolarization in the RVOT due to 
heterogeneous loss of the cardiomyocyte action potential 
dome in the epicardium [58]. The most compelling evi-
dence in support of the depolarization hypothesis comes 
from the studies by Nademanee [25,33]. In particular, myo-
cardial fibrosis has been suggested by abnormal, low‐voltage, 
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Figure 2.22 Fatty infiltration with mild fibrosis of the right ventricle in a patient with an in vivo diagnosis of ST segment elevation, right 
bundle branch, prolonged PQ interval, and aborted sudden death.
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fractionated electrograms  localized to the RVOT at the 
epicardium. The recent description of increased fibrosis, 
as well as reduced gap junction signaling protein Cx43 in 
the RVOT in a series of sudden death cases with family his-
tory of Brugada syndrome and without evident structural 
disease, is in favor of the depolarization  hypothesis. 
Furthermore, electrophysiological and imaging studies 
have identified subtle structural abnormalities in the 
RVOT of affected patients [29,59,60]. Elimination of the 
sites of slow conduction gives the rationale for the efficacy 
of ablation therapy [61,62]. However, Szel et al. provided 
an alternative cellular electrophysiological mechanism as 
the basis for late potentials and fractionated electrogram 
activity in Brugada syndrome, demonstrating that the 
ECG abnormalities are due to repolarization and not to 

depolarization defects [63]. Future studies in genotyped 
cases should address the roles of fibrosis and gap junc-
tion proteins in Brugada syndrome.

Although repolarization and depolarization theories 
may indeed be synergistic and not mutually exclusive, cor-
rect assessment of the cellular pathophysiology remains a 
main target for appropriate therapy. It is important to note 
that AV conduction disturbances are a common finding 
in Brugada syndrome (PR prolongation, right bundle 
branch block). This is not surprising, considering that 
familial AV block has been explained by mutation of 
SCN5A [64]. Again, whether conduction disturbances 
are the result of merely functional changes or structural 
abnormalities of the specialized myocardium (Figure 2.22) 
remains to be addressed [65,66].
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