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Pathology of the right heart has been less studied by medical literature, there-
fore we have proposed to update the existing data in order to improve the 
therapeutic solutions.

On the whole, We have reviewed the main elements of embryology, genet-
ics, anatomy, pathophysiology, diagnostic methods, right heart pathology, 
and up-to-dated therapeutic solutions. We have presented the pathology of 
the right heart from the point of view of its primary and secondary interests.

The objectives of this monograph were three. The first was to present the 
general data from anatomy to pathology. The second part of the study was to 
analyze the main diagnostic methods: exam, classical methods (cardiac cath-
eterization, angiocardiography) as well as modern methods of echocardiogra-
phy (TEE, 3D, 4D etc), MRI, Angio CT, etc. The third was to individualize 
the therapeutic solutions for medical and surgical treatments. The authors of 
this monograph are medical personalities who present their personal experi-
ence as well. Each chapter approaches the subject with arguments from litera-
ture, graphic examples, and iconography mainly from accumulated 
knowledge. Arrhythmias, pacing problems, ICD, and CRT are addressed in 
their complexity from the point of view of procedural techniques as well as 
complications. The tricuspid valve pathology is treated in its primary and 
secondary affection and in the context of pulmonary hypertension. The right 
ventricle dysfunction is presented in its systolic and diastolic components as 
well as in relation to the left ventricle. Pulmonary thromboembolism is spe-
cifically analyzed in a chapter which includes specific surgical and interven-
tional treatment. The repercussions on right ventricle function after liver 
transplantation and pneumonectomy are tackled as well.

We would like to thank the authors and coauthors of this monograph for 
their participation in this project.

Bucharest, Romania� Ion C. Ţintoiu
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Pathology of the right heart is less studied in the literature, and that is why we 
have proposed to update the existing data in order to improve the therapeutic 
solutions. We have reviewed the main elements of embryology, genetics, 
anatomy, pathophysiology, diagnostic methods, right heart pathology, and 
up-to-date therapeutic solutions. We have presented the pathology of the right 
heart from the point of view of both primary and secondary interests.

The monograph has three objectives. The first is to present the general data 
from anatomy to pathology. The second is to analyze the main diagnostic 
methods: exam, classical methods (cardiac catheterization, angiocardiography), 
and modern methods of echocardiography (TEE, 3D, 4D etc), MRI, Angio CT, 
etc. The third is to individualize therapeutic solutions for medical and surgical 
treatment. The authors of this monograph are medical personalities who present 
their personal experience as well. Each chapter addresses the subject with 
arguments from literature, graphic, and iconographic examples, generally 
personal. Arrhythmias, pacing, ICD, and CRT problems are addressed in their 
complexity from the point of view of procedural techniques and complications. 
The pathology of the tricuspid valve is treated in its primary and secondary 
affection and in the context of pulmonary hypertension. Right ventricular 
dysfunction is presented in its systolic and diastolic components as well as in 
relation to the left ventricle. Pulmonary thromboembolism is specifically 
analyzed in a chapter that includes specific surgical and interventional treatment. 
Repercussions on right ventricular function after liver transplantation and 
pneumonectomy are also addressed.

We would like to thank the authors and coauthors of this monograph for 
their participation in this project.
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Abstract

Human heart has a complex embryological 
development process driven by genetic mech-
anisms that have successive and unitary pro-
gression in a global context together with 
other developments of organogenesis. The 
first elements of cardiogenesis occur prema-
turely from mesoderm where cellular differ-
entiation at this level acquires cardiogenic 
specificity by creating the first heart field. 
From this stage, cellular multiplication is spe-
cific for myocardial, endothelial, and smooth 
muscle cells through the second heart field. 

Accordingly to up-to-date evidence, the 
mechanisms of this process are genetically 
coordinated mainly by NKX2.5, GATA4, 
Mef2, TBX5 and Hand which establish not 
only the structure of the embryonic cord but 
also the sequential evolution of the differen-
tiation and completion of the cardiac struc-
tures including the inlet and outlet paths. First 
field and second field are the initial particular 
stages of cardiogenesis. In the primary heart 
tube, the differentiation into adult anatomical 
cardiac structures (the atrial and ventricular 
cavities) begins. The heart tube looping initi-
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ates the separation of the primitive atria, ven-
tricle and outflow tract. The separation 
between these cavities is made by different 
but concordant mechanisms. Coronarogenesis 
is the last stage before embryonic heart 
becomes functional.

Keywords

Cardiogenesis · Cardiac morphogenesis  
Normal heart development · First and second 
heart fields · Linear and looped tube separation  
Jonctional differentiation · Angiogenesis  
Conduction system

The norm should be established; embryos should 
be arranged in stages.

Franklin P. Mall

1.1	 �Background

Importantly, Kloesel et al. stated that “the embry-
onic development of the human heart is a com-
plex process” [1]. As well, understanding of 
cardiac development is based also on “genetics, 
molecular cell biology, embryology, systems 
biology and anatomy” [1]. It must also be empha-
sized that in the heart embryology numerous 
terms are currently existent for the similar car-
diac structures. The extremely difficult molecular 
biology and genetic taxonomy differentiates a 
gene from a protein by a general agreement [1]. A 
human gene is described in italic uppercase let-
ters (e.g., GATA4), while the protein obtained 
from this gene is described in nonitalic uppercase 
letters (e.g., GATA4) [1].

Recent data regarding cardiogenesis of Kloesel 
et al. have established nine main successive stages 
[1]: (1) gastrulation (three germ layers), (2) the 
first and second heart fields development, (3) 
heart tube, (4) heart tube looping, convergence, 
and wedging, (5) septa forming with common 
atrium and atrioventricular canal, (6) formation of 
outflow tract, (7) development of cardiac valves, 
(8) development of vessels (coronary arteries, 
aortic arches and sinus venous), (9) development 
of the conduction tissue. The first cardiac struc-

tures emerge from the “mesodermal precardiac 
cells” that shift to the superior part of the primary 
embryonic framework forming a special cardiac 
structure called “cardiac crescent” [2]. Equally 
important, the cardiogenesis process is sustained 
by transcription factors also known as “primordial 
genes” implied in cardiac morphogenesis. 
Therefore, the role of above mentioned genes is to 
differentiate mesodermal precardiac cells in the 
myocardial cells, endothelial cells and smooth 
muscle cells through the process called “the phe-
nomenon of progressive lineage restriction” [3]. 
Transcription factors responsible for cardiogene-
sis such as NK2 Homeobox 5 (NKX2.5) [1, 4], 
GATA-binding protein 4 (GATA4) [1, 5], T-Box 
protein 5 (TBX5) [1], MADS-box protein (Mef2) 
[6], and Heart—and neural crest derivatives-
expressed protein (Hand) family [6] ensure the 
control of cardiac differentiation. Specifically, the 
interrelation between the main three transcription 
factors (TBX5, GATA4, and NKX2.5) as well the 
individual action of these elements is fundamental 
to cardiogenesis.

Embryonic human cardiac development in 
Carnegie stages 15–23 has important knowledge 
for clinical and scientific research [7]. Of note, 
the evolution of the human embryo is based on 
the Carnegie Institution of Washington stages 
(CS) so that in the first 8 weeks are described 23 
stages. Cardiac structures begin differentiation 
from stage 13 Carnegie and are finalized in stage 
23 (see Table 1.1) [7]. Moreover, human embryos 
cardiac development from Carnegie stages 15–23 
offer significant evidence looking embryogene-
sis, for instance regarding the ventricular trabec-
ulation process [7, 8].

1.2	 �Heart Fields

At day 16 (CS6-7) of gestation, a part of epiblast 
cells form by migration the mesoderm with “four 
cell populations—cardiogenic mesoderm and the 
paraxial, intermediate, and lateral plate meso-
derm” [1, 2]. Further, progenitor cardiogenic 
mesodermal cells also known as “precardiac 
cells” generate the first heart field (FHF) [1]. 
Equally important, the FHF generates further the 

F. Radu-Ioniţă et al.
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secondary heart field (SHF) that will create the 
greater part of the heart [1]. It has to be under-

lined that the transcription factor islet-1 (Isl1) is 
exhibited by SHF cells required for the develop-
ment further in cardiomyocytes, smooth muscle 
cells and endothelial cells [2, 9]. Both, FHF and 
SHF form cardiac crescent at day 15 [1].

It is well established that progenitor cardiogenic 
mesodermal cells (precardiac mesodermal cells) 
are the first generators in cardiogenesis. Initially, 
embryonic mesoderm cells convert in “precardiac 
lineage” that exhibits Mesp-1 with the ability to 
develop multipotent “cardiac progenitor cells” 
(CPC, exhibiting NKX2.5). As already mentioned, 
CPC control by themself the capacity to develop 
cardiac myocytes, vascular smooth muscle cells, 
and endothelial cells (Fig. 1.1) [10]. It is postulated 
that the significant resource for the CPC is SHF 
that will generate the outflow tract (OFT). However, 
the increase and generation of both OFT and heart 
valves is accomplished by “non-mesodermal neu-
ral crest cells” (NCC) of the neural fold by migra-
tion in the endocardial cushion and the arterial pole 
through genetic control of Pax3 (see Fig. 1.1) [10].

Between days 15 and 21 (CS7-9) structural 
evolutionary transformations by cellular multi-
plication of FHF and SHF lead to linear heart 
tube development that represents the next step of 
cardiogenesis. At day 15, first locations of primi-
tive atrial and ventricular cavities appear in FHF 
sequentially placed in lateral places of cardiac 
crescent. As well, SHF represents the inside pad-
ding of FHF [1].

Table 1.1  Stages of human development with corre-
sponding events in cardiac development

Carnegie 
stage 
(CS)

Human 
DPC Characteristics

CS8 17–19 The cardiac crescent forms

CS9 19–21 The embryo folds, the pericardial 
cavity is placed in its final 
position, gully of myocardium 
forms, the endocardial plexus 
forms, cardiac jelly forms

CS10 22–23 The heart beats, the endocardial 
tubes fuse, the mesocardium 
perforates, looping starts, the 
ventricle starts ballooning

CS11 23–26 The atria balloon, the 
proepicardium forms

CS12 26–30 The septum primum appears, the 
right venous valve appears, the 
muscular part of the ventricular 
septum forms, cells appear in the 
cardiac jelly, epicardial growth 
starts

CS13 28–32 The AV cushions form, the 
pulmonary vein attaches to the 
atrium, the left venous valve 
appears, epicardial mesenchyme 
appears first in the AV sulcus

CS14 31–35 The AV cushions approach one 
another, the outflow ridges 
become apparent, capillaries form 
in the epicardial mesenchyme

CS15 35–38 The AV cushions oppose one 
another, the secondary  
foramen forms, the distal outflow 
tract septates, the outflow  
tract ridges reach the primary 
foramen

CS16 37–42 The primary atrial septum closes, 
the outflow tract ridges approach 
the interventricular septum, the 
entire heart is covered in 
epicardium

CS17 42–44 Secondary atrial septum appears, 
the sinus node becomes 
discernable, the left and right AV 
connection becomes separate, the 
proximal outflow tract becomes 
septated, the semilunar valves 
develop

CS18 44–48 Papillary muscles appear, the AV 
valves start to form

Table 1.1  (continued)

Carnegie 
stage 
(CS)

Human 
DPC Characteristics

CS19 48–51 The left venous valve fuses with 
the secondary septum, the mural 
leaflets of the mitral and tricuspid 
valves are released

CS21 53–54 The main branches of the coronary 
artery become apparent

CS22 54–56 The chordae tendinae form

CS23 56–60 The septal leaflet of the tricuspid 
valve delaminates

DPC days postconception
Modified from Kussman and Miller-Hance [7] with 
permission.
See further reading section for comprehensive data
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To sum up, FHF along with SHF and the 
migration of NCC into SHF participate in all 
stages of cardiogenesis (Fig. 1.2) [1, 10–12].

Consequently, at day 21, the first sites of atrium 
and ventricle cavities appear in FHF sequentially 

placed in lateral places of cardiac crescent. As 
already described above, SHF represents padding 
through cells placed inside FHF.  From day 21 
(CS9), cardiac crescent becomes linear heart tube 
which is a multicellular structure formed from the 

NCC

SHF

Pre-cardiac
Mesoderm

Mesp1 Nkx2.5

Pax3
Nestin, Musashi-1

Isl1, Nkx2.5, Flk1

Isl1, Nkx2.5

c-Kit, Nkx2.5

Mef2c, GATA4, Tbx, Fgf

Nkx2.5
GATA4

Cardiogenic
Mesoderm

Pro-Epicardial Organ

Bone Marrow

FHF

Fig. 1.1  Overview of myocardial CPC Markers in rela-
tion to their ontology. Pre-cardiac mesoderm cells express 
Mesp1 until differentiation to cardiogenic mesoderm, 
marked by the expression of Nkx2.5. The cardiogenic 
mesoderm differentiates to form two heart fields. Cells in 
the first heart field (FHF) express GATA4 in addition to 
Nkx2.5. Cells of the secondary heart field (SHF) express 
Isl1 and Nkx2.5. The SHF also becomes populated by 

neural crest cells (NCC) expressing Pax3. Markers associ-
ated with the heart field cells but showing greater variation 
in their expression are indicated in blue type. In addition 
to cardiogenic mesoderm, cells from the pro-epicardial 
organ and also of hematopoietic lineage have been identi-
fied in the myocardium. Abbreviations: NCC neural crest 
cells, SHF second heart field, FHF first heart field. From 
Chalajour et al. [10]. It is open access chapter.

Heart tube

Post-Fertilization Days

18 24 26 29 35 37 39

Heart loop

Aortic arch/pulm art

Ventricular septation

Outflow tract separation

Semilunar valve formation

Ductus arteriosus

Fig. 1.2  Timeline of outflow tract and semilunar valve 
development post-fertilization. The colors represent con-
tributions to cardiac development from different cell pop-
ulations. These contributions are from the first heart field 

(red), second heart field (yellow) and cardiac neural crest 
(blue). Modified from Gittenberger-de Groot et  al. [11]. 
From Martin et al. [12]. It is an open access article.
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upper part to down by truncus arteriosus, bulbus 
cordis, primitive ventricle and primitive atrium 
(Fig. 1.3) [1].

The hallmark of this phase is formation of the 
linear heart tube which initially has an arterial 
pole in the superior region and a venous one in 
the inferior region. Additional, Ward et  al. 
showed that the right side of the SHF is partly 
responsible for the development to the left side of 
the outflow myocardium [14]. Moreover, the 
anterior component of the SHF (“anterior heart 
field”) provide the myocardial cells from the 
right ventricle and the OFT [14].

1.3	 �Liniar Heart Tube

In the interval of days 19–21 (CS9), the linear 
heart tube is already built being a multicellular 
structure formed in the superior area from truncus 
arteriosus and bulb cordis, and in the lower part 
from the primitive ventricle and primitive atrium 
[1]. In fact, Kloesel et al. showed that the linear 
heart tube is already formed in day 21 (Fig. 1.3) 
[1]. By the day 28, the linear heart tube changes 
through the looping process (expansion and elon-
gation of the heart tube) into the right (D-loop) to 
establish the future arrangement of the cardiac 

Day 15: Cardiac crescent

V

A A

V

FHF

SHF

truncus arteriosus

bulbus cordis

primitive ventricle

primitive atrium

Aortic
arch

arteries

III

IV

V

Conotruncus
Atrioventricular
valve

Aortic
sac

Right
atrium

Right
ventricle Left

ventricle

Left
atrium

Day 21: Linear heart tube

Day 28: Looped heart tube Day 50: Mature heart

Fig. 1.3  Schematic representation of cardiac embryol-
ogy. (a), Cardiac crescent at day 15. The first heart field is 
specified to form particular segments of the linear heart 
tube. The second heart field is located medial and caudal 
of the first heart field and will later contribute cells to the 
arterial and venous pole. (b) By day 21, cephalocaudal 
and lateral folding of the embryo establishes the linear 
heart tube with its arterial (truncus arteriosus) and venous 
(primitive atrium) poles. (c) By day 28, the linear heart 
tube loops to the right (D-loop) to establish the future 

position of the cardiac regions (atria [A], ventricles [V], 
outflow tract). (d) By day 50, the mature heart has formed. 
The chambers and outflow tract of the heart are divided by 
the atrial septum, the interventricular septum, 2 atrioven-
tricular valves (tricuspid valve, mitral valve)  and 2 semi-
lunar valves (aortic valve, pulmonary valve). FHF 
indicates first heart field; SHF, second heart field. Adapted 
in modified form from Lindsey et al. [13]. From Kloesel 
et al. [1] with permission.

1  Heart Embryology: Overview



8

areas such as atria, ventricles and OFT (Fig. 1.3) 
[1, 13]. It has to be underlined that recent evi-
dence shows that the mainly part of heart is cre-
ated by migration of precursor cells from the SHF 
with the development of heart tube [1].

Consistently with above data, the comprehen-
sive assessment of Kussman et al. (see Table 1.1) 
sustains that looping of heart tube has onset dur-
ing days 22–23 (CS10) [7].

1.4	 �Looped Heart Tube

Between days 21 and 28 (CS9-13) the linear heart 
tube rotates and becomes a looped heart tube 
through the separation of atriums and ventricles; 
in which atrioventricular valve separates atrium 
cavities from left ventricle, and conotruncus sepa-
rates aortic sac from right ventricle (Fig. 1.3) [1].

Of great interest is considerable evidence sus-
tains that the primary linear heart tube under the 
control of genetic factors transforms through the 
inner curvature into a new form, process known as 
looping heart tube. Particularly, it has three funda-
mental elements in its structure: entry and exit 
points; and between above mentioned entry and 
exit points, the primitive atrial and ventricular car-
diac cavities structures emerge. As a result, entry 
tract of the looping heart tube are sinus venosus 
(SV) and the sinoatrial ring (SAR) that continue 
with unique atrium. Additionally, an efferent loop-
ing pathway comes exclusively from SHT [15].

Gittenberger-de Groot et al. describe looping 
of the heart tube as the process characterized by 
“the differentiation of the primary heart tube into 
cardiac chambers (CC) and transitional zones 
(TZ)” [16]. Same team points up that many tran-
sitional zones are the components of the develop-
ing “septa, valves, conduction system, and 
fibrous heart skeleton” [16]. Moreover, these 
transitional zones will be in part included in the 
development of the final right atrium and left 
atrium, respectively in their right ventricle and 
left ventricle [16]. In addition, the team of 
Gittenberger-de Groot et  al. showed that “from 
the venous to the arterial pole there are the sinus 

venosus and the sinoatrial ring (TZ), the primi-
tive atrium (CC), the atrioventricular canal or 
ring (TZ), the primitive left ventricle (CC), the 
primary fold or ring (TZ), the primitive right ven-
tricle (CC), and the ventricular OFT with a proxi-
mal and a distal part, also referred to as the 
ventriculoarterial ring (TZ)” (Fig. 1.4) [16].

The looping process of heart tube joins all 
above TZ together in the padding of the heart 
tube, specifically in the inner curvature [16].

Typically, from all TZ, the sinus venosus (SV) 
and primary fold do not generate endocardial 
cushions, while the AVC and OFT develop cush-
ions. Importantly, the transition areas (TZ) of 
looped heart tube are the basic structures in the 
development of interatrial septum and interven-
tricular septum, of the mitral valve, tricuspid 
valve, aortic and pulmonary valves, besides con-
duction tissue (see Fig 1.4) [16].

SAR

SV
AS

PA

PLVPRV

AVRVAR

PR

Fig 1.4  Schematic drawing of the looped heart tube with 
the cardiac chambers and the transitional zones. 
Following the blood flow from venous to arterial, we can 
distinguish the sinus venosus (SV), the sinoatrial ring 
(SAR), the primitive atrium (PA), the atrioventricular ring 
(AVR) encircling the atrioventricular canal, the primitive 
left ventricle (PLV), the primary fold or ring (PR), the 
primitive right ventricle (PRV), the outflow tract ending at 
the ventriculoarterial ring (VAR), and the aortic sac (AS) 
From Gittenberger-de Groot et al. [16] with permission.
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1.5	 �Atrial and Ventricular 
Genesis

The genesis of atriums and ventricles cavities 
comprises the following stages: left from right 
ventricle separation, unique atrium, creation of 
the atrioventricular floor from the common atrio-
ventricular channel, and the entry and exit sepa-
ration from each ventricle (Fig. 1.5) [17].

Importantly, these processes are developing 
successively or concomitantly and are developed 
under genetic control. Precisely, Pitx2 gene 
determines left-right asymmetry, morphologic or 
structural differentiation among the right and left 
heart [18].

1.6	 �Atrial Septation

Separation of left atrium from right atrium is a 
progressive process starting with the “septum 
primum” or primary atrial septum that is covered 
by a mesenchymal cap and grows from the low-
est part toward apex. Meanwhile, another dorsal 
mesenchymal protrusion advances parallel with 
septum primum in the common atrium and par-
ticipate to the downward growing of primary 
atrial septum (Fig.  1.6) [1]. Before the primary 
atrial septum is getting to the endocardial cush-
ion, a small hole named ostium primum persists. 
Moreover, in the cranial part appear fenestrations 
which become the ostium secundum by cell death 
mechanism [1].

Kloesel et al. state that around day 33, a second 
septum forms and further will develop the fora-
men ovale—a valve that lets the blood of the right 
atrium to pass on the left atrium during right-to-
left shunting, also a feature of placental and sys-
temic venous blood from gestation [1]. On the 
other hand, Kussman et  al. show that during 
35–38 days (CS15), the secondary foramen devel-
ops. Further, the primary atrial septum closes in 
CS16 [7]. The ostium primum is closed after join-
ing of the primary atrial septum, mesenchimal 
cap, dorsal mesechimal protrusion along with the 
major atrioventricular cushions (Fig.  1.6) [1]. 

Aortic sac

Right ventricle

Left ventricle

Venous tributaries

Primary
atrium

Atrial appendages

Outflow
tract

Outlet

AVC

Inlet

Fig. 1.5  This illustration shows the origin of the compo-
nents of the developing atriums and ventricles. The myo-
cardium of the primary heart tube is shown in purple, and 
makes up the primary atrium, the atrioventricular canal 
(AVC), the inlet and outlet components of the ventricular 
loop, and the outflow tract. Shown in green are the sys-
temic venous tributaries, which are eventually incorpo-
rated within the right atrium, and the aortic sac with its 
arterial branches. The pulmonary vein is not shown, this 
being a new development appearing concomitant with the 
formation of the lungs. The atrial appendages, shown in 
blue, balloon in parallel from the primary atrial compo-
nent of the heart tube. The apical parts of the ventricles, in 
contrast, balloon in series from the primary tube, with the 
apical part of the left ventricle growing from the inlet 
component, and the apical part of the right ventricle from 
the outlet component. From Moorman et  al. [17] with 
permission.
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Finally, the secondary atrial septum (septum 
secundum) will occlude the ostium primum at 
birth (when pulmonary vasculature dilates caus-
ing decreasing in right atrial pressures) by mecha-
nism of a flap-valve (Fig. 1.6) [1].

1.7	 �Ventricles Separation

Separation of the two ventricles starts from the 
looping heart stage when the univentricular cav-
ity reshapes its primary structure as well as the 

future entry (inlet) and exit (outlet) paths align in 
the embryonic structure at the same level [19].

Importantly, the separation of primitive ven-
tricle in the end to the left ventricle and the right 
ventricle is established by the interventricular 
septum that has distinctive muscular and mesen-
chymal constituents. Subsequently, the muscular 
structure comes up from the interventricular 
groove by myocardial development of the 
ventricular wall. Secondly, the mesenchymal 
constituent comes up above all by combination 
of  the conotruncal endocardial cushions and 

RA

a b

c d

LA RA LA

Dorsal
mesocardium

Primary
atrial septum

Mesenchymal cap

Major
atrioventricular
cushions

Ostium primum

Ostium secundum

Dorsal
mesenchymal
protrusion

Dorsal
mesenchymal
protrusion

Inward folding
of atrial roof

LVRV LVRV

RA LA

LVRV

RA LA

LVRV

Fig. 1.6  Overview of processes leading to atrial septa-
tion. (a) Atrial septation begins with formation of the pri-
mary atrial septum (septum primum) that extends from 
the atrial roof downwards towards the major atrioventric-
ular cushions. The leading edge of the primary atrial sep-
tum carries a mesenchymal cap. The venous pole of the 
heart is attached to dorsal mesocardium. (b) As the pri-
mary atrial septum continues its migration downwards 
and approaches the major atrioventricular cushions, it 
closes a gap known as ostium primum. Mesenchmal cells 
from the dorsal mesocardium have invaded the common 
atrium and join the downward growing primary atrial sep-
tum as the dorsal mesenchymal protrusion. (c) After 

fusion of the primary atrial septum, mesenchymal cap and 
dorsal mesenchymal protrusion with the major atrioven-
tricular cushions, the ostium primum is closed. At the 
same time, part of the cranial septum primum breaks 
down and forms the ostium secundum. (d) Inward folding 
of the myocardium from the atrial roof produces the sec-
ondary atrial septum (septum secundum) which grows 
downwards to occlude the ostium primum by mechanism 
of a flap-valve (at birth, pulmonary vasculature dilates 
leading to a drop in right atrial pressure; the higher left 
atrial pressure pushes the primary atrial septum against 
the secondary atrial septum). From Kloesel et al. [1] with 
permission.
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atrioventricular endocardial cushion. To same 
extent, Kloesel et  al. concluded that “the com-
plete ventricular septation depends on fusion of 
the outflow tract (conotruncal) septum, the mus-
cular ventricular septum, and the atrioventricular 
cushions tissues” [1].

The basic helix-loop-helix (bHLH) transcrip-
tion factors Hand1 and Hand2 have significant 
function keys in cardiogenesis [20]. Specifically, 
Hand1 (eHand, thing1, Hed) and Hand2 (dHand, 
thing2, Hxt) have important roles in heart devel-
opment. Also, NKX2.5 and GATA4 genes are 
expressed in ventricular structures during cardio-
genesis. The left ventricle develops under genetic 
control of Hand1 that is also implied in the for-
mation of the interventricular septum and atrio-
ventricular valve [2, 19]. Hand2 is compulsory 
for the right ventricle development [2, 19]. 
Especially, the presence and role of Hand2  in 
SHF have major contribution to the heart devel-
opment, as well as the right heart ventricle [20]. 
Shortly, right ventricle occurs separately from 
SHF under genetic control of Hand2, and from 
this genetic control comes the idea that there is 
no primary direct relationship between the two 
ventricles during cardiogenesis [2, 19, 20, 54]. To 
sum up, FHF is exhibiting Hand1, NKX2.5, 
TBX5 and supports the development of the left 
ventricle. On the other hand, SHF is exhibiting 
Hand2, NKX2.5, GATA4, Isl1 and TBX1, and 
supports right ventricle development.

Franco et  al. showed on two different trans-
genic mouse lines trying to investigate the devel-
opment of the muscular interventricular septum 
that the Mlc1v-nlacZ-24 transgene is exhibited 
only by the OFT and the right ventricle myocar-
dium [21]. Also, the Mlc3f-nlacZ-2 transgene is 
exhibited only by the left ventricle myocardium 
and the atrial appendages. These results support 
that the development of the interventricular sep-
tum is initiated by a symmetric cooperation of 
both ventricles constituents [21]. Subsequently, 
Moorman et al. support that the left–right asym-
metry doesn’t express the morphological differ-
ences between both ventricles [17].

Regarding the initiation and development of 
the septation process there are two hypotheses, 
one active from the apex to the atrioventricular 
layer [22] and a passive one produced by the 

ballooning of the single ventricular cavity [23]. 
Moreover, Anderson et al. support the hypothesis 
of ballooning and proves that between the ascend-
ing and descending side of the primary tube, 
originates the interventricular septum (see 
Fig. 1.7) [24].

1.8	 �Atrioventricular Junction 
Formation

The atrioventricular junction or atrioventricular 
canal (AVC) is an embryological structure that 
consists of the inferior component of the ventric-
ular septum (inlet septum), the lowest area of 

Fig. 1.7  This scanning electron micrograph, from a 
mouse embryo with 42 somites, shows the formation of 
the muscular ventricular septum. The specimen was pre-
pared by transecting the heart through the atrioventricular 
canal, and the photograph is of the posterior segment. 
Note the inferior cushion (IC) occupying most of the pos-
terior margin of the canal, but note also that the floor of 
the right atrium is in continuity with the roof of the devel-
oping right ventricle at the right margin of the atrioven-
tricular canal, even though the atrioventricular groove 
interposes between the cavities of right atrium and right 
ventricle (yellow dashed line). Ballooning of the apical 
parts of the right and left ventricles from the ascending 
and descending parts of the ventricular component of the 
primary heart tube, respectively, has produced the primary 
muscular ventricular septum between them (star). The pri-
mary ventricular foramen (yellow bracket) provides the 
entrance at this stage to the developing right ventricle. 
From Anderson et al. [24] with permission.
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interatrial septum (“vestibular septum”), along 
with the primary structures of the mature atrio-
ventricular valves [2]. To start with, the atrioven-
tricular junction begins from the looping heart 
tube, particularly from the mesenchyme existent 
in endocardial cushions of the atrioventricular 
canal [2]. Initially, during the looping heart 
phase, the endocardial cushions of AVC join 
primitive atria with the embryonic left ventricle. 
Additionally, the embryonic right ventricle and 
the right part of the primitive atria have no inter-
action. Only that, during development of the 
right ventricle due to the migration of myocardial 
cells from the anterior SHF, the right AVC 
increases from the dorsal primary fold located 
among the right part of the AVC and the inner 
curvature of cardiac crescent [2].

Further, Gittenberger-de Groot et al. come up 
with their theory about AVC development 
(Fig. 1.8) [16]. Firstly, they sustain that “the pri-
mary heart tube after looping shows an atrioven-
tricular canal, a primitive left ventricle, and a 
primitive right ventricle that are separated by the 
primary fold or ring” [16]. The primary inter-
atrial septum (ostium primum) and membranous 
interventricular septum join in the atrioventricu-
lar canal by a progressive differential cellular 
multiplication process that is the initial stage of 
the atrioventricular junction. The atrioventricular 
endocardial cushion channel divides the upstream 
of atrioventricular junction into the right and left 
sides. The separation is initiated through a band 
(primary ring) (PR) (Fig. 1.8a) [16] and it is con-
tinued by its expansion to the muscular interven-
tricular septum, thus achieving the initial 
separation of the atrioventricular canal into the 
two orifices that will be the future mitral and tri-
cuspid valves (Fig. 1.8b) [16]. Concurrently with 
the valvular atrioventricular delimitation, a sepa-
ration band is formed by modifying the primary 
ring, being a splitting band that begins the forma-
tion of the right ventricle (Fig.  1.8c) [16]. The 
ventriculo-arterial ring forms the separation 
between the unique ventricle, where the interven-
tricular septum is initiated and the common arte-
rial trunk which is separated by a band (ring) 
structurally similar with the atrioventricular canal 
to the initial aorta and the trunk of the pulmonary 

artery. This also delimits the spaces where the 
atrioventricular valves and semilunar valves will 
form (Fig. 1.8d) [16].

Wessel et  al. studied fifteen human embryos 
and fetuses (at least two with same stage) starting 
with Carnegie Stage 14 forward [25]. They didn’t 
solve the problem of atrioventricular junction 
genesis, but they stated two possible hypotheses 
as the mechanism of the atrioventricular junction 
genesis (Fig.  1.9) [25]. The first hypothesis 
assumes that the atrioventricular sulcus is the 
only structure responsible for the development of 
the fibrous annulus and the atrioventricular 
valves [26]. In addition, the second hypothesis 
considers that merging of sulcus tissue and cush-
ion tissue of the ventricular side of the atrioven-
tricular junctional myocardium triggers the 
division of atrial myocardium from ventricular 
myocardium (Fig. 1.9) [25].

Lockhart et al. studied the participation of epi-
cardially-derived cells (EPDCs) and endocardially-
derived mesenchymal cells (ENDCs) to the 
atrioventricular junction genesis [27]. According 
to them, the development of the AV sulcus and the 
annulus fibrosus is followed by the stage when a 
subtype of AV-EPDCs move in the components of 
AV cushions. In particular, the EPDCs populate 
only components of the lateral AV cushions [27]. 
On the other hand, the movement of AV-EPDCs to 
the AV junction and the annulus fibrosus develop-
ment it is followed by subsequent movement of 
the AV-EPDCs to the parietal leaflets of atrioven-
tricular valves. Therefore, AV-EPDCs have a sig-
nificant function in the annulus fibrosus 
development and they combine with the existent 
AV-ENDCs being an important factor in the 
growth of the parietal leaflets of atrioventricular 
valves (Fig. 1.10) [27].

1.9	 �Atrioventricular Valves

The initiation of the atrioventricular valves  gen-
esis originates in endocardial tissue of AV cush-
ions [28]. The cell population at this level is made 
up of AV-ENDCs with asymmetric and sequen-
tial multiplication forming two first subdivisions, 
the first one located upper and lower, and the 
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Fig. 1.8  Schematic representation of the remodeling of 
the cardiac chambers and the transitional zones at the ven-
tricular level. (a) internal view of the looped heart tube. 
The transitional zones are, going from the venous to the 
arterial pole, the atrioventricular ring (AVR, dark blue), 
the primary ring (PR, yellow), and, at the distal end of the 
myocardial outflow tract, the ventriculoarterial ring (VAR, 
bright blue). (b) During looping, with tightening of the 
inner curvature (arrow), the right part of the AVR moves 
to the right of the ventricular septum (VS). (c) Start of 

formation of the inflow tract of the right ventricle by exca-
vation of the PR. The lower border is formed by the mod-
erator band (MB). (d) Completion of the process with 
formation of a tricuspid orifice (TO) above the right ven-
tricle (RV) and the aortic orifice (Ao) and the mitral ori-
fice (MO) above the left ventricle (LV). It is easily 
appreciated that there is aortic-mitral continuity, whereas 
the distance between the TO and the pulmonary orifice 
(Pu) is marked. From Gittenberger-de Groot et  al. [16] 
with permission
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second one on the right and left side wall of AV 
cushion (Fig. 1.11) [29].

These two components progressively fuse 
accomplishing AV mesenchymal complex [30]. 
Process by which they will subsequently cause 
the primary atrial foramen enclosure (CS16) and 
accurate atrioventricular separation [7, 30].

Markwald et al. demonstrated how epicardial-
derived cells (EPDCs) participate to genesis of the 
atrioventricular valves by their migration into AV 
cushion under the control of isoform 4 of 

morphogenetic bone protein (Bmp4) and TBx2 
[28]. The formation of fibrous annulus is initiated 
by a subset of EPDCs migrated into the atrioven-
tricular valves explaining the presence of these 
cells in the valvular cusps [29]. Remodeling of the 
cusps is done by the delamination process. 
Explicitly, it is separating the muscle tissue from 
the AV cushion from the mesenchymal tissue of 
the valvular leaflets that subsequently transform 
into fibrous tissue and collagen, mediated by fibro-
blast growth factors (FGF), PTPN11 (PTPN11 
encodes the non-membranous protein tyrosine 
phosphatase), Wnt signaling and periostin [2].

Same mechanism, it is also involved in 
ENDCs, but the relationship between these cel-
lular groups is not known [27]. Further, Lockhart 
et  al. [29] suggest existence of evidence that 
derived cells AV-EPDCs may possible transform 
in various cell types such as interstitial fibro-
blasts, coronary smooth muscle cells, coronary 
endothelium, and myocytes [29].

However, there are few AV-EPDCs to the end 
of the valvulogenesis in the structure of the leaf-
let fibroblasts, this process being explained by 
their abundance in the atrioventricular annulus. 
Decreasing of the AV-EPDCs migration in the 
valvular tissue is controlled also by the isoform 2 
of bone morphogenetic protein (Bmp2). Lockhart 
et al. showed in one study on mice that blocking 
the Bmp receptor Alk3 from epicardial cells and 
their derivatives, results in reduction of AV sul-
cus, decrease of EPDCs migration to parietal 
atrioventricular valve cusps, and the absence of 
the annulus fibrosus development [29]. Also, this 
study proves the importance of Bmp signaling in 
AV valvulogenesis [29].

1.10	 �Atrioventricular 
Valvulogenesis

The mesenchyme of the endocardial cushions is 
common for all four heart valves [2]. Markwald 
et al. describe four steps in atrioventricular and 
semilunar valvulogenesis: (1) endocardial-to-
mesenchyme conversion in junctional myocar-
dium, (2) development of the mesenchyme as 
endocardial cushions, (3) remodeling process of 
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Fig. 1.9  Schematic diagram shows the two current 
hypotheses for the development of the atrioventricular 
junction in the human heart. (a) The situation at the atrio-
ventricular junction at ~4 to 5  weeks of development. 
Myocardial continuity between atrium and ventricle is 
achieved through the myocardium of the atrioventricular 
canal. The atrioventricular junction is sandwiched 
between the tissues of the atrioventricular sulcus at the 
epicardial side and the atrioventricular cushion at the 
endocardial side. (b) The hypothesis in which the atrio-
ventricular sulcus is held responsible for the insulation of 
atrium and ventricle and is supposed to be the only tissue 
contributing to the formation of the fibrous annulus and 
the leaflets of the atrioventricular valves (modified from 
information presented in Reference [26]). The presumed 
remnants of the atrioventricular cushions are located on 
the apical aspects of the leaflets. (c) The hypothesis sup-
ported by the data presented in this paper. The separation 
between the atrial and ventricular myocardium in this 
hypothesis is established by fusion of sulcus tissue and 
cushion tissue at the ventricular aspect of the atrioven-
tricular junctional myocardium. (Note: The contribution 
of the myocardium to the formation of the leaflets is not 
illustrated in this schematic.) A indicates atrium, CT 
cushion tissue, ST sulcus tissue, AV myocardium of the 
atrioventricular canal, V ventricle. From Wessels et  al. 
[25] with permission.
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mesenchyme into collagen-secreting interstitial 
valve fibroblasts, and (4) remodeling to the 
mature valve tissue by “leaflet compaction, atten-
uation, and formation of fibrous continuities” 
[31]. Furthermore, both atrioventricular valves 
have differences looking anatomical configura-
tion and histology. It has to be underlined, that 
the mitral valve has insertion of the papillary 
muscles only in the free lateral wall of the left 

ventricle,  and the septal tricuspid valve leaflet 
attaches directly to interventricular septum.

1.10.1	 �Mitral Valve

The mitral valve is composed from endocardium 
and connective tissue. Even if, the anterior and 
posterior mitral leaflets have same source from 

atrium

AV epicardium

EPDCs

a b

ENDCs

parietal AV
valve leaflet

annulus
fibrosis

parietal AV
valve leaflet

AV myocardium

atrium

ventricle ventricle

Fig. 1.10  Schematic representation of the contribution of 
the AV epicardium and the epicardially-derived cells to 
the development of the AV junction. After formation of 
the epicardial epithelium (green), epiEMT generates a 
population of AV-EPDCs (green cells in panel a) that, as 
far as their gene expression profile is concerned, are still 
very similar to the epicardium itself. However, when the 
AV-EPDCs migrate further into the AV sulcus and 
approach the AV myocardium (red cells), the molecular 
profile of the AV-EPDCs changes drastically as the expres-

sion of genes characteristically found in the mesenchyme 
of the annulus fibrosus (e.g., MMP2) and the AV cushions 
(e.g., Sox9) is upregulated. These “differentiated” 
AV-EPDCs (red cells in panel a) then penetrate the AV 
myocardium to form the annulus fibrosus (panel b) and 
migrate into the parietal AV valve leaflets where they 
intermingle with the endocardially-derived mesenchymal 
cells (ENDCs; blue cells in panels a and b). From 
Lockhart et al. [27]. It is an open access article.

rl-AVC

iAVC

RA LA

II-AVC

SL AoL

LPLRPL

RV LVOFT

sAVC

a bFig. 1.11  This cartoon shows the fate of 
the individual AV cushions. The superior 
and inferior AV cushion (sAVC and iAVC) 
fuse at the midline and give rise to the 
septal leaflet of the right AV valve (SL) 
and the aortic leaflet (AoL) of the left AV 
valve. The right lateral AV cushion 
(rlAVC) forms the right parietal leaflet of 
the right AV valve (RPL), whereas the left 
lateral AV cushion forms the left parietal 
leaflet of the left AV valve (LPL). From 
Lockhart et al. [29] with permission.
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the endocardial cushion of the AVC, their genera-
tion and forming are completely other [2].

Both mitral valve leaflets originate in the 
endocardial cell layer of the AV channel and their 
subsequent development is linked with septalisa-
tion process and aortic valve rotation [2]. Initially, 
the anterior mitral valve leaflet has only mesen-
chymal origin with no muscle component, and its 
papillary muscles are formed just from the free 
lateral wall of the left ventricle, explaining why 
the mature mitral valve does not have septal 
insertion [2, 32]. Also, de Lange et al. state that 
during formation of the aortic mitral valve leaflet 
this is connected to myocardium only at its cra-
nial and caudal edges, therefore tendinous cords 
are forming and attaching to the papillary mus-
cles at these sites [33]. However, there are no ten-
dinous cordal connections of the mitral valve 
with the interventricular septum.

1.10.2	 �Tricuspid Valve

Initially, the tricuspid valve is a muscle structure 
with three developing points from the walls of 
right ventricle: septal (ventricular septum), ante-
rior (anterior part of the right of the inferior AV 
cushion) and inferior (inferior right ventricle) [2]. 
The mesenchymal tissue of the endocardial AV 
cushions overlay inside all above three myocar-
dial walls [2]. The anterior leaflet of tricuspid 
valve starts from anterior muscle wall of right 
ventricle, and this leaflet becomes functional by 
the process of myocardium apoptosis (“demyo-
cardialization”) [2]. Also, septal leaflet and pos-
terior leaflet delaminate from myocardial walls 
of right ventricle [2]. On the other hand, the ante-
rior leaflet keeps its connection with normal 
junctional part from the AV junction [2]. The 
papillary muscles start from the right ventricle 
walls and by compaction they develop in correla-
tion with the cords of the tricuspid valve leaflets 
[33]. Finally, tendinous cords have their origin 
from the mesenchymal tissue of tricuspide valve, 
and they develop by the process of the remote 
component fragmentation of the ventricular side 

of the leaflets being transformed into fibrous 
structures [2].

1.11	 �Cardiac Outflow Formation

It also known as “conotruncus”, “conus” and 
“infundibulum” [34]. The primitive OFT of the 
human heart is an endothelium-lined tube cov-
ered by an extracellular matrix layer named 
“endocardial jelly” that further it is coated by an 
outer muscular cuff [35].

The cells included within initial structure of 
OFT originate from anterior heart field (anterior 
component of the SHF) and cardiac neural crest 
(CNC) [2]. Therefore, CNC cells may be implied 
in the development of the smooth muscle cells 
from the walls of the two great vessels [2]. It 
seems that the remodelling of OFT into pulmo-
nary and aortic arteries implies the cooperation 
of different cell types including neural crest cells, 
myocardium, and endocardium [36]. For 
instance, the cardiac neural crest signaling to 
SHF add together cardiomyocytes and smooth 
muscle cells in development of the OFT [34]. In 
humans, the OFT rotation has been accepted 
from Carnegie stage 15 [36]. Also, the myocar-
dial wall rotation of the OFT is part of remodel-
ling process of the OFT, directly correlated with 
the influx of neural crest [36].

Buckingham et al. believe that conotruncus—
forming cells are derived from SHF only by 
excluding CNC participation in the distal portion 
of large vessels (truncus), theory unconfirmed by 
other studies [15]. In the initial stage (day 21), the 
OFT is found in the linear heart tube in the emerg-
ing portion of the single ventricle chamber, fol-
lowed by the looping stage (day 28) when the 
differentiation begins in the conotruncus followed 
by the aortic sac (Fig. 1.12) [12, 37, 38]. As well, 
CNC cells do signaling process that form the 
OFT, the aortic arch, ventricular and atrial septae 
[12]. The ventricular myocardial structure is 
united with the vascular trunk by a fibrotic cell 
source called annulus, generated by endothelial 
derived mesenchyme (Fig. 1.12) [12, 37, 38].
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1.12	 �Outflow Separation

OFT septation begins between 23 and 25 days of 
human embryogenesis. Presently, the separation 
process mechanisms of OFT are still unclear, 
therefore there are many hypotheses. As well, 
there is still confusion looking plentiful terms 
used to explain “the endocardial ridges” or “cush-
ions”, structures implied in the septation of the 
OFT.

The hypothesis of Van Mierop et al. consider 
that three components split OFT, that is the aorto-
pulmonary septum with distal and proximal 
ridges. Firstly, the ridges join and develop a sep-
tum that further joins with the aortopulmonary 
septum. Further, septation joins the proximal 
ridges developing the proximal conal septum that 
unifies with the distal septum finishing septation 
process [39].

The hypothesis of Icardo sustains the spiral 
septum development. He declares the existence 

of unconnected proximal and distal ridges. 
Spiralling is acquired by end-to-end joining of 
paired proximal ridges with the paired distal 
ridges, resulting in connected ridges unified 
lengthways, and intersected at their midpoints 
[40].

In same time, Bartelings on a human hearts 
study supposes that the endocardial ridges have 
no involvement in the OFT septation process 
[41].

Finally, Webb et al. consider that “it is the dis-
tal cushions that divide the distal outflow tract 
into the intrapericardial parts of the aorta and pul-
monary trunk, with the proximal cushions sepa-
rating both the arterial roots and their ventricular 
outflow tracts” [42].

Importantly, there is a counterclockwise direc-
tion in the rotation process of the junction of the 
OFT and great arteries align the aorta to the left 
ventricle and pulmonary artery to the right ven-
tricle [38].

Sinotubular
junction

Annulus

SHF-derived myocardium

Extra-cardiac CNC derived
Endothelial-derived conal
endocardial cushions

Ao PT

Truncal

Conal

RV
LV

AS
Atria

AVC

a b

Fig. 1.12  Genesis and cellular contributions to the out-
flow tract. Schematic shows the locations of outflow tract 
(OFT) colonization by the extra-cardiac cardiac neural 
crest (blue), vascular smooth muscle derived from the sec-
ond heart field (dotted yellow) and the location of myocar-
dium from derived from the second heart field (striped 
yellow). The aortic annulus or hinge region is formed 
where myocardial cells meet the vascular smooth muscle 
cells of the media of the aorta and pulmonary trunk and 

endothelial derived mesenchyme is the source of the fibro-
blastic annular tissue. The media of the aorta and pulmo-
nary trunk is derived from secondary heart field proximally 
(dotted yellow) and the cardiac neural crest distally (blue). 
The interface between these populations is at the sinotubu-
lar junction.  Abbreviations: Ao aorta, AS aortic sac, AVC 
aorto-ventricular cushions, LV left ventricle, PT pulmo-
nary trunk, RV right ventricle. Modified from [37, 38]. 
From Martin et al. [12]. It is an open access article
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1.13	 �Aortic and Pulmonary Valves 
Formation

With development of OFT, its cushion tissue 
extend in the jelly and generates a spiral pattern 
around the lumen [35]. Further, the cushions of 
OFT join in the midline and separate the OFT 
into its aortic and pulmonary channels [35]. 
Shortly, the aorta and the pulmonary artery are 
developing from aortic sac [2]. Semilunar valves 
genesis begins on days 31–35 starting with the 
pre-existing endocardial cushions of the OFT and 
the atrioventricular junction of the primitive 
heart tube [43].

During the OFT septation process, in the prox-
imal region an invasion of endothelial cells is pro-
duced in the contruncal region and fuse with 
endocardial cushions. This configuration is 
divided in two sides that contain inferior and pos-
terior septal cushion and two sides of insertion of 
anterior pulmonary valve and aortic posterior 
valve. Therefore, from the right posterior side of 

interposed cushion forms the noncoronary aortic 
cusp and from the anterior left side forms the 
anterior pulmonary cusp. From the superior and 
inferior septal cushion form left and right cusps of 
the aortic and pulmonary valves (Fig. 1.13) [12].

Recently, based on serial and three-
dimensional reconstructions of human embryos 
in the Shaner Collection at different stages,  
Milos et al. observed that “the pulmonary semilu-
nar valve regions are more normal and uniform in 
structure supporting the concept that there is 
some independence of the development of the 
aortic and pulmonary semilunar valves from each 
other” [35].

1.14	 �Ventriculoarterial Junctions

Anatomic ventriculoarterial junctions represents 
the connection between a muscular component 
(infundibular) formed by the interventricular sep-
tum separation mechanisms, and the pulmonary 

NCC

LCC

AC

RC

A

P

L R
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SSC
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PAIC

Fig. 1.13  Development of the leaflets of the aortic and 
pulmonary valves. The semilunar valves arise from the 
conotruncal and intercalated cushions of the outflow tract. 
The conotruncal (superior and inferior septal) cushions 
give rise to the right and left leaflets of each of the semilu-
nar valves. In the aorta, these are the right and left coro-
nary leaflets, while in the pulmonary valve, these are the 
right and left cusps. The right-posterior and the left-
anterior intercalated cushions develop respectively into 

the posterior aortic (non-coronary cusp of the aortic valve) 
and the anterior pulmonic (anterior cusp of the pulmonic 
valve) leaflets. Abbreviations: AL anterior leaflet, APIC 
anterior pulmonary intercalated cushion, CA coronary 
artery, ISC inferior septal cushion, LL left leaflet, LCL left 
coronary leaflet, NCL non-coronary leaflet, PAIC poste-
rior aortic intercalated cushion, RCL right coronary leaf-
let, RL right leaflet. From Martin et al. [12]. It is an open 
access article.
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and aortic valves generated in proximal portion 
of the arterial trunk. When OFT septation process 
undergoes, the aortic orifice attaches to the left 
ventricular outflow tract, meanwhile the pulmo-
nary orifice lies over the right ventricle [16]. 
Moreover, the team of Gittenberger-de Groot 
et al. showed by reconstruction the OFT of two 
human embryos that the condensed mesenchyme 
is located corresponding to the mesenchymal 
vessel wall, the arterial orifice level, the cushion 
tissue and the myocardium (Fig. 1.14) [16].

1.15	 �The Cardiac Vascular Genesis

1.15.1	 �Coronary Arteries

There is still a lot of uncertainty about the genesis of 
the coronary arteries. However, it is clear that the 
coronary artery connection is the last stage of car-
diogenesis being done after the separation of the 
cardiac cavities, and the inlet and outlet pathways 
from atria and ventricles. Ventricular endocardial 
cells represent the main origin of the coronary arter-

a b

c d

Fig. 1.14  Reconstruction of the heart of a human embryo 
of 5 week development. (a) The myocardium (brown) of 
the ventricles reaches up to the arterial orifice level. The 
pulmonary trunk (green) arises anteriorly from the right 
ventricle and the aorta (red) originates at a more caudal 
and posterior level. (b) The myocardium has been 
removed and the endocardial outflow tract cushions (light 
yellow) and the atrioventricular cushions (dark yellow) 
become visible. The condensed mesenchyme (blue), con-
sisting mainly of neural crest cells, is incorporated within 
the outflow tract cushion mass. It is visible, however, at 
the entrance site between the arterial orifices (see also a) 
and as a lateral streak (right side visible, left side not) 
where the condensed mesenchyme connects to the out-

flow tract myocardium (removed, see a) At these sites, the 
myocardialization of the outflow tract septum will take 
place. The right lateral outflow tract cushion is connected 
to the atrioventricular cushion mass, whereas the left lat-
eral cushion is not connected to this mass. (c) By making 
the outflow tract cushions translucent, the complete con-
densed mesenchyme becomes visible extending way out 
into the cardiac outflow tract. (d) Insertion of the right 
(green) and left (red) ventricular lumen shows how the 
condensed mesenchyme and thus the outflow tract septum 
mainly borders the right ventricular pulmonary infundibu-
lum. From Gittenberger-de Groot et  al. [16] with 
permission.
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ies and by angiogenesis produce coronary arteries 
[44]. It seems that myocardial Vegf-a to endocardial 
Vegfr-2 signaling controls coronary angiogenesis. 
On contrary, the coronary arteries and veins come 
up mostly by various origins and mechanisms [44].

Some studies prove that the origin of coronary 
arteries is in epicardial cells [45]. In fact, Reese 
et al. state further that “cell lineage commitment 
and diversification, directed cell migration, con-
trol of epithelial/mesenchymal transition, and 
cell differentiation are some of the hallmarks in 
the development of coronary arteries” [45].

Also, Red Horse et al. studied based on ana-
tomical and histological analysis the coronary 
vessel development during mouse embryogenesis 
using endothelial markers [46]. They concluded 
that developed and differentiated venous endothe-
lial cells from sinus venosus emerge into myocar-
dium where transform into arteries and capillaries 
[46]. Therefore, these differentiated venous endo-
thelial cells from sinus venosus extend to develop 
the coronary plexus, and coronary arteries, capil-
laries, and veins. Only minor number of the endo-
cardium cells detach to develop blood islands and 
then join to the coronary plexus nearby the inter-
ventricular septum [44, 46].

As a result coronary vessels are generated by 
complex processes such as: vasculogenesis, 
angiogenesis, arteriogenesis and remodelling 
specific to each arterial, venous or capillary ves-
sel [47]. The origin of angiogenesis can be initi-
ated including by proepicardium, sinus venous or 
endocardium [48]. Of note, Tian et al. consider 
that complete heart vasculogenesis include all 
cardiac structures from the epicardium to endo-
cardium, which begins by migration of the sub-
epicardial ECs into myocardial cells of the 
embryonic ventricle free walls, and finalized with 
coronary veins and intramyocardial coronary 
arteries/capillaries (Fig. 1.15) [48].

To sum up, Kloesel et al. synthesize coronaro-
genesis in the most simplified way [1]. Newly, his 
team sustains that “the coronary vasculature is 
derived from proepicardial progenitor cells and 
venous endothelial angioblasts originating from 
the sinus venosus”. The epithelial progenitors 
undergo epithelial-to-mesenchymal transforma-
tion. After formation of the main coronary ves-
sels, the coronary system connects to aorta by 
invasion of arterial endothelial cells into the 
aorta. By day 50, the heart has developed to its 
mature form [1].

E13.5 - E15.5E11.5 - E12.5
Endocardium

Myocardium

Epicardium

Subepicardial
endothelial cells

Intramyocardial
endothelial cells

Fig. 1.15  Schematic showing subepicardial ECs as a 
major source for intramyocardial coronary vessels. During 
embryogenesis, subepicardial endothelial cells ECs (blue) 
located beneath the epicardium (brown) migrate along the 
surface of the heart between E11.5-E12.5 (blue arrow). 

Subepicardial ECs then migrate into the compact myocar-
dium to become intramyocardial coronary arteries and 
capillaries at E13.0-E15.5 (red arrows). From Tian et al. 
[48] with permission.
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1.15.2	 �Aortic Arches

The origin of the aortic arches is the mesoderm of 
the pharyngeal arches [2]. Further, they join with 
distal part of aortic sac. Firstly, a part of aortic 
branches, especially the third, fourth and sixth 
remodels in the presence of CNC cells to asym-
metric great arteries. The third aortic arch devel-
opes into the common carotid arteries and the 
proximal segment of the internal carotid arteries. 
Further, the fourth aortic arch develops the hori-
zontal aorta. Usually, the fifth aortic arch is not 
constant. However, the sixth arch develops the 
arterial duct and first component of the central 
pulmonary arteries [2].

1.15.3	 �Sinus Venous

The dorsal mesocardium joins the primitive atria 
to the dorsal body wall, where the sinus venosus 
and its contributory veins are blocked [16]. When 
heart tube is looping, the main veins supplying 
the sinus venosus (the right anterior and posterior 
cardinal veins as well as the left anterior cardinal 
vein) will incorporate into the posterior wall of 
the right atrium [16]. Also, during this process, a 
right and a left sinus venosus valve develop, in 
which blood access into the atrium through a type 
of channel [16]. Moreover, the left and right 
venous valves join and develop the septum spu-
rium that is connected with anterior part of the 
AVC [16].

1.16	 �Cardiac Conduction System

As cardiogenesis advances with heart remodel-
ling into a four-chambered structure, the myo-
cardium undergo a transformation as “working 
myocardium” and “conduction system myocar-
dium” [16]. Gittenberger-de Groot et  al. [16] 
stated that the integration of the sinus venosus 
into the atrium demonstrates existence of the 
embryonic structures represented by three 
internodal pathways among the sinoatrial node, 
the atrioventricular node and the relationship of 

the pulmonary venous system from the dorsal 
left atrial wall with the primitive conduction 
system [16].

In fact, the heart is working with the onset of 
its development [1]. The primitive heart tube 
starts to beat about day 21 with pumping blood 
by day 24 or 25 [1], and the sinoatrial node (the 
pacemaker of the heart) develops and becomes 
noticeable in CS17 [7]. In mammalian embryonic 
ventricles, the contraction signal begins in the 
inflow part of the heart tube and spread to the 
ventricles and then to the OFT from base-to-apex 
[1]. It seems that advanced vertebrates form a 
“compact myocardium” need to respond to 
higher heart rhythm and pressure. Of note, this 
compact myocardium favours developing of the 
conduction system, with a specific activation 
from base-to-apex in the trabecular part of the 
ventricles, and with a specific activation in the 
subepicardial compact myocardium from apex-
to-base, correlated to the His-Purkinje system 
formation [49].

Wenink et  al. studied eight human embryos 
and the heart of a 90 mm human fetus selected 
from the collection of the Leiden University and 
released the “four ring theory” in which tries to 
explain the developing of cardiac conduction 
system [50]:

•	 The conducting rings are inserted between 
sinus venosus, atrium, ventricle, bulbus and 
truncus;

•	 The sinoatrial node develop only from the 
sinoatrial ring;

•	 The sinoatrial ring participates to the atrioven-
tricular (AV) node formation;

•	 Atrioventricular ring develops AV node;
•	 Ventriculoventricular (primary ring) will be in 

time bundle His and bundle branches [50]. 
Although initially controversial, this hypoth-
esis is partially confirmed by studies with 
immunohistochemical markers [51].

Importantly, the mammalian ventricular con-
duction system is characterized by biphasic 
growth and development, but lineage restriction 
is followed by restricted outgrowth [52].
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The spongy myocardium of embryonic mam-
mals allows high ejection fractions and also 
assists to conduct the ventricular depolarization 
[53]. Nonetheless, increase of pressure and heart 
rate cause an evolution to compact myocardium, 
that further, turn into the early trabecules second-
ary to force generation, but available to differen-
tiate into fibres of poor contractility and high 
propagation speeds. In addition, mammals 
increase compact myocardium ventricular sep-
tum while the early trabecules form the septal 
surfaces with the findings of bundle branches of 
the His bundle (Fig. 1.16) [53].

�Conclusions

It is considered that intrauterine life begins 
with cardiac contraction and heart develop-
ment is a complex process. Mechanisms of 
cardiogenesis are sequential, starting from the 
primary cell differentiation stages to the final 
processes of cardiogenesis.

Increase in knowledge of genetics, embry-
ology, and molecular medicine offer under-
standing into the mechanisms of congenital 
heart disease [1]. For physicians, clear knowl-
edge of cardiac development, including, 
embryology, genetics, molecular cell biology, 
and anatomy, provide a better diagnosis of 
congenital heart diseases [1]. In last years, 
recent results in cardiac development have 
proven to improve our knowledge in prenatal 
diagnosis. Nonetheless, more data are com-
pulsory looking the cardiogenesis in human 
embryo for an early and accurate diagnosis of 
congenital heart diseases.

References

	 1.	Kloesel B, DiNardo JA, Body SC.  Cardiac embry-
ology and molecular mechanisms of congenital 
heart disease: a primer for anesthesiologists. Anesth 
Analg. 2016;123:551–69. https://doi.org/10.1213/
ANE.00000000000014.

	 2.	Schleich JM, Abdulla T, Summers R, Houyel L. An 
overview of cardiac morphogenesis. Arch Cardiovasc 
Dis. 2013;106:612–23. https://doi.org/10.1016/j.
acvd.2013.07.001.

	 3.	Epstein JA, Franklin H. Epstein lecture. Cardiac devel-
opment and implications for heart disease. N Engl 
J Med. 2010;363:1638–47. https://doi.org/10.1056/
NEJMra1003941.

	 4.	Olson EN, Srivastava D. Molecular pathways control-
ling heart development. Science. 1996;272:671–6.

	 5.	Laverriere AC, MacNeill C, Mueller C, Poelmann 
RE, Burch JB, Evans T. GATA-4/5/6, a subfamily of 
three transcription factors transcribed in developing 
heart and gut. J Biol Chem. 1994;269:23177–84.

	 6.	Olson EN. Gene regulatory networks in the evolution 
and development of the heart. Science. 2006;313:1922–
7. https://doi.org/10.1126/science.1132292.

	 7.	Kussman BD, Miller-Hance WC.  Chapter 4. 
Development of the cardiovascular system and nomen-
clature for congenital heart disease. In: Andropoulos 
DB, Stayer SA, Mossad EB, Miller-Hance WC, edi-
tors. Anesthesia for congenital heart disease. 3rd ed. 
Massachusetts: Wiley-Blackwell; 2015. p. 43.

Embryonic vertebrate
compact wall

luminal

1., AVC

epicardial

2., base

3., apex 3., apex

compact wall

luminal

1., AVC

epicardial

2., base

3., apex 3., apex

compact wall

luminal

1., AVN

epicardial

4., base

2., apex 3., apex

Adult ectotherm

Adult endotherm

Fig. 1.16  The trabecular myocardium is activated from 
base to apex in all vertebrates. (a–c) The trabecular myo-
cardium gives rise to the His-Purkinje system in mammals 
and birds and remains activated from base to apex. (c) On 
the epicardial surface of septated and thick-walled ventri-
cles, as in the formed hearts of mammals and birds, activa-
tion is seen to occur from apex to base and the luminal 
base-to-apex activation is obscured [53]. It is an open 
access article.

F. Radu-Ioniţă et al.

https://doi.org/10.1213/ANE.0000000000001451
https://doi.org/10.1213/ANE.0000000000001451
https://doi.org/10.1016/j.acvd.2013.07.001
https://doi.org/10.1016/j.acvd.2013.07.001
https://doi.org/10.1056/NEJMra1003941
https://doi.org/10.1056/NEJMra1003941
https://doi.org/10.1126/science.1132292


23

	 8.	Hutchins GM, Kessler-Hanna A, Moore 
GW.  Development of the coronary arteries in the 
embryonic human heart. Circulation. 1988;77:1250–7.

	 9.	Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, 
Evans S. Isl1 identifies a cardiac progenitor population 
that proliferates prior to differentiation and contributes a 
majority of cells to the heart. Dev Cell. 2003;5:877–89.

	10.	Chalajour F, Ma X, Kirk Riemer R.  Myocardial 
self-repair and congenital heart disease, congenital 
heart disease  - selected aspects. In: Syamasundar 
Rao P, editor. InTech; 2012. doi:https://doi.
org/10.5772/26368. https://www.intechopen.com/
books/congenital-heart-disease-selected-aspects/
myocardial-self-repair-and-congenital-heart-disease.

	11.	Gittenberger-de Groot AC, Bartelings MM, Poelmann 
RE, Haak MC, Jongbloed MR. Embryology of the heart 
and its impact on understanding fetal and neonatal heart 
disease. Semin Fetal Neonatal Med. 2013;18:237–44. 
https://doi.org/10.1016/j.siny.2013.04.008.

	12.	Martin PS, Kloesel B, Norris RA, Lindsay M, Milan 
D, Body SC. Embryonic development of the bicuspid 
aortic valve. J Cardiovasc Dev Dis. 2015;2:248–72.

	13.	Lindsey SE, Butcher JT, Yalcin HC. Mechanical regula-
tion of cardiac development. Front Physiol. 2014;5:318. 
https://doi.org/10.3389/fphys.2014.00318.

	14.	Ward C, Stadt H, Hutson M, Kirby ML. Ablation of 
the secondary heart field leads to tetralogy of Fallot 
and pulmonary atresia. Dev Biol. 2005;284:72–83. 
https://doi.org/10.1016/j.ydbio.2005.05.003.

	15.	Buckingham M, Meilhac S, Zaffran S. Building the 
mammalian heart from two sources of myocardial 
cells. Nat Rev Genet. 2005;6:826–35. https://doi.
org/10.1038/nrg1710.

	16.	Gittenberger-de Groot AC, Bartelings MM, Deruiter 
MC, Poelmann RE.  Basics of cardiac development 
for the understanding of congenital heart malfor-
mations. Pediatr Res. 2005;57:169–76. https://doi.
org/10.1203/01.PDR.0000148710.69159.61.

	17.	Moorman A, Webb S, Brown NA, Lamers W, 
Anderson RH.  Development of the heart: (1) for-
mation of the cardiac chambers and arterial trunks. 
Heart. 2003;89:806–14.

	18.	Harvey RP.  Patterning the vertebrate heart. Nat Rev 
Genet. 2002;3:544–56. https://doi.org/10.1038/nrg843.

	19.	Srivastava D. Making or breaking the heart: from lineage 
determination to morphogenesis. Cell. 2006;126:1037–
48. https://doi.org/10.1016/j.cell.2006.09.003.

	20.	Vincentz JW, Barnes RM, Firulli AB.  Hand factors 
as regulators of cardiac morphogenesis and implica-
tions for congenital heart defects. Birth Defects Res 
A Clin Mol Teratol. 2011;91:485–94. https://doi.
org/10.1002/bdra.20796.

	21.	Franco D, Meilhac SM, Christoffels VM, Kispert A, 
Buckingham M, Kelly RG. Left and right ventricular 
contributions to the formation of the interventricular 
septum in the mouse heart. Dev Biol. 2006;294:366–
75. https://doi.org/10.1016/j.ydbio.2006.02.045.

	22.	Van Mierop LH, Kutsche LM.  Development of 
the ventricular septum of the heart. Heart Vessel. 
1985;1:114–9.

	23.	Patten BM. The heart. Patten’s foundations of embry-
ology. New York: McGraw-Hill; 1954. p. 545–69.

	24.	Anderson RH, Webb S, Brown NA, Lamers W, 
Moorman A. Development of the heart: (2) septation 
of the atriums and ventricles. Heart. 2003;89:949–58.

	25.	Wessels A, Markman MW, Vermeulen JL, Anderson 
RH, Moorman AF, Lamers WH. The development of 
the atrioventricular junction in the human heart. Circ 
Res. 1996;78:110–7.

	26.	Van Gils FAW. The development of the human atrio-
ventricular heart valves. J Anat. 1979;128:427.

	27.	Lockhart MM, Phelps AL, van den Hoff MJ, Wessels 
A. The epicardium and the development of the atrio-
ventricular junction in the murine heart. J Dev Biol. 
2014;2:1–17. https://doi.org/10.3390/jdb2010001.

	28.	Markwald RR, Fitzharris TP, Manasek FJ. Structural 
development of endocardial cushions. Am J 
Anat. 1977;148:85–119. https://doi.org/10.1002/
aja.1001480108.

	29.	Lockhart MM, van den Hoff M, Wessels A. The role 
of the epicardium in the formation of the cardiac 
valves in the mouse. In: Nakanishi T, Markwald RR, 
Baldwin HS, Keller BB, Srivastava D, Yamagishi H, 
editors. Etiology and morphogenesis of congenital 
heart disease from gene function and cellular interac-
tion to morphology. Tokyo: Springer; 2016. p. 161–7. 
https://doi.org/10.1007/978-4-431-54628-3.

	30.	Snarr BS, Wirrig EE, Phelps AL, Trusk TC, Wessels 
A. A spatiotemporal evaluation of the contribution of 
the dorsal mesenchymal protrusion to cardiac devel-
opment. Dev Dyn. 2007;236:1287–94. https://doi.
org/10.1002/dvdy.21074.

	31.	Markwald RR, Norris RA, Moreno-Rodriguez R, 
Levine RA.  Developmental basis of adult cardio-
vascular diseases: valvular heart diseases. Ann 
N Y Acad Sci. 2010;1188:177–83. https://doi.
org/10.1111/j.1749-6632.2009.05098.x.

	32.	Lamers WH, Virágh S, Wessels A, Moorman AF, 
Anderson RH. Formation of the tricuspid valve in the 
human heart. Circulation. 1995;91:111–21.

	33.	de Lange FJ, Moorman AF, Anderson RH, Männer J, 
Soufan AT, de Gier-de Vries C, Schneider MD, Webb 
S, van den Hoff MJ, Christoffels VM.  Lineage and 
morphogenetic analysis of the cardiac valves. Circ 
Res. 2004;95:645–54. https://doi.org/10.1161/01.
RES.0000141429.13560.cb.

	34.	Restivo A, Piacentini G, Placidi S, Saffirio C, 
Marino B.  Cardiac outflow tract: a review of some 
embryogenetic aspects of the conotruncal region of 
the heart. Anat Rec A Discov Mol Cell Evol Biol. 
2006;288:936–43. https://doi.org/10.1002/ar.a.20367.

	35.	Milos NC, Nordstrom DB, Ongaro I, Chow 
AK.  Variations in structure of the outflow tract of 
the human embryonic heart: a new hypothesis for 
generating bicuspid aortic semilunar valves. Ann 
Anat. 2017;211:88–103. https://doi.org/10.1016/j.
aanat.2016.12.004.

	36.	Bajolle F, Zaffran S, Kelly RG, Hadchouel J, Bonnet 
D, Brown NA, Buckingham ME.  Rotation of the 
myocardial wall of the outflow tract is implicated 

1  Heart Embryology: Overview

https://doi.org/10.5772/26368
https://doi.org/10.5772/26368
https://www.intechopen.com/books/congenital-heart-disease-selected-aspects/myocardial-self-repair-and-congenital-heart-disease
https://www.intechopen.com/books/congenital-heart-disease-selected-aspects/myocardial-self-repair-and-congenital-heart-disease
https://www.intechopen.com/books/congenital-heart-disease-selected-aspects/myocardial-self-repair-and-congenital-heart-disease
https://doi.org/10.1016/j.siny.2013.04.008
https://doi.org/10.3389/fphys.2014.00318
https://doi.org/10.1016/j.ydbio.2005.05.003
https://doi.org/10.1038/nrg1710
https://doi.org/10.1038/nrg1710
https://doi.org/10.1203/01.PDR.0000148710.69159.61
https://doi.org/10.1203/01.PDR.0000148710.69159.61
https://doi.org/10.1038/nrg843
https://doi.org/10.1016/j.cell.2006.09.003
https://doi.org/10.1002/bdra.20796
https://doi.org/10.1002/bdra.20796
https://doi.org/10.1016/j.ydbio.2006.02.045
https://doi.org/10.3390/jdb2010001
https://doi.org/10.1002/aja.1001480108
https://doi.org/10.1002/aja.1001480108
https://doi.org/10.1007/978-4-431-54628-3
https://doi.org/10.1002/dvdy.21074
https://doi.org/10.1002/dvdy.21074
https://doi.org/10.1111/j.1749-6632.2009.05098.x
https://doi.org/10.1111/j.1749-6632.2009.05098.x
https://doi.org/10.1161/01.RES.0000141429.13560.cb
https://doi.org/10.1161/01.RES.0000141429.13560.cb
https://doi.org/10.1002/ar.a.20367
https://doi.org/10.1016/j.aanat.2016.12.004
https://doi.org/10.1016/j.aanat.2016.12.004


24

in the normal positioning of the great arteries. Circ 
Res. 2006;98(3):421–8. https://doi.org/10.1161/01.
RES.0000202800.85341.6e.

	37.	Neeb Z, Lajiness JD, Bolanis E, Conway SJ. Cardiac 
outflow tract anomalies. Wiley Interdiscip Dev Biol. 
2013;2:499–530. https://doi.org/10.1002/wdev.98.

	38.	Waldo KL, Hutson MR, Ward CC, Zdanowicz 
M, Stadt HA, Kumiski D, Abu-Issa R, Kirby 
ML.  Secondary heart field contributes myocardium 
and smooth muscle to the arterial pole of the devel-
oping heart. Dev Biol. 2005;281:78 90. https://doi.
org/10.1016/j.ydbio.2005.02.012.

	39.	Van Mierop LH, Alley RD, Kausel HW, Stranahan 
A.  Pathogenesis of transposition complexes. 
I. Embryology of the ventricles and great arteries. Am 
J Cardiol. 1963;12:216–25.

	40.	 Icardo JM. Development of the outflow tract. A study 
in hearts with situs solitus and situs inversus. Ann N 
Y Acad Sci. 1990;588:26–40.

	41.	Bartelings MM.  The outflow tract of the heart 
embryologic and morphologic correlations. Ph.D. 
thesis. The Netherlands: University of Leiden; 1990. 
doi:10.1046/j.1469-7580.2003.00168.x.

	42.	Webb S, Qayyum SR, Anderson RH, Lamers WH, 
Richardson MK.  Septation and separation within 
the outflow tract of the developing heart. J Anat. 
2003;202:327–42.

	43.	Wirrig EE, Yutzey KE. Conserved transcriptional reg-
ulatory mechanisms in aortic valve development and 
disease. Arterioscler Thromb Vasc Biol. 2014;34:737–
41. https://doi.org/10.1161/ATVBAHA.113.302071.

	44.	Wu B, Zhang Z, Lui W, Chen X, Wang Y, Chamberlain 
AA, Moreno-Rodriguez RA, Markwald RR, O’Rourke 
BP, Sharp DJ, Zheng D, Lenz J, Baldwin HS, Chang 
CP, Zhou B.  Endocardial cells form the coronary 
arteries by angiogenesis through myocardial-endo-
cardial VEGF signaling. Cell. 2012;151:1083–96. 
https://doi.org/10.1016/j.cell.2012.10.023.

	45.	Reese DE, Mikawa T, Bader DM. Development of the 
coronary vessel system. Circ Res. 2002;91:761–8.

	46.	Red-Horse K, Ueno H, Weissman IL, Krasnow 
MA. Coronary arteries form by developmental repro-
gramming of venous cells. Nature. 2010;464:549–53. 
https://doi.org/10.1038/nature08873.

	47.	Tomanek RJ. Formation of the coronary vasculature 
during development. Angiogenesis. 2005;8:273–84. 
https://doi.org/10.1007/s10456-005-9014-9.

	48.	Tian X, Hu T, Zhang H, He L, Huang X, Liu Q, Yu 
W, He L, Yang Z, Zhang Z, Zhong TP, Yang X, Yang 
Z, Yan Y, Baldini A, Sun Y, Lu J, Schwartz RJ, Evans 

SM, Gittenberger-de Groot AC, Red-Horse K, Zhou 
B. Subepicardial endothelial cells invade the embry-
onic ventricle wall to form coronary arteries. Cell Res. 
2013;23:1075–90. https://doi.org/10.1038/cr.2013.83.

	49.	Gourdie RG, Mima T, Thompson RP, Mikawa 
T.  Terminal diversification of the myocyte lineage 
generates Purkinje fibers of the cardiac conduction 
system. Development. 1995;121:1423–31.

	50.	Wenink AC. Development of the human cardiac con-
ducting system. J Anat. 1976;121(Pt 3):617–31.

	51.	Jongbloed MR, Mahtab EA, Blom NA, Schalij MJ, 
Gittenberger-de Groot AC. Development of the car-
diac conduction system and the possible relation to 
predilection sites of arrhythmogenesis. Sci World J. 
2008;8:239–69. https://doi.org/10.1100/tsw.2008.40.

	52.	Miquerol L, Moreno-Rascon N, Beyer S, Dupays 
L, Meilhac SM, Buckingham ME, Franco D, Kelly 
RG. Biphasic development of the mammalian ventric-
ular conduction system. Circ Res. 2010;107:153–61. 
https://doi.org/10.1161/CIRCRESAHA.110.218156.

	53.	Jensen B, Boukens BJ, Postma AV, Gunst QD, van 
den Hoff MJ, Moorman AF, Wang T, Christoffels 
VM.  Identifying the evolutionary building blocks 
of the cardiac conduction system. PLoS One. 
2012;7:e44231. https://doi.org/10.1371/journal.
pone.0044231.

	54.	Moorman AF, Christoffels VM.  Cardiac cham-
ber formation: development, genes, and evolu-
tion. Physiol  Rev. 2003;83:1223–67. https://doi.
org/10.1152/physrev.00006.2003.

Further Reading

O-Rahilly R, Muller F.  Developmental stages in human 
embryos. Washington: Carnegie Institute; 1987.

Hutchins GM, Kessler-Hanna A, Moore GW. Development 
of the coronary arteries in the embryonic human heart. 
Circulation. 1988;77:1250–7.

Oostra RJ, Steding G, Lamers WH, Moorman AFM, 
Steding S, Viragh S.  Scanning electron microscopy 
atlas of the developing human heart. New  York: 
Springer; 2007.

Arráez-Aybar LA, Turrero-Nogués A, Marantos-Gamarra 
DG.  Embryonic cardiac morphometry in Carnegie 
stages 15-23, from the Complutense University of 
Madrid Institute of Embryology Human Embryo 
Collection. Cells Tissues Organs. 2008;187:211–20. 
DOI: https://doi.org/10.1159/000112212.

F. Radu-Ioniţă et al.

https://doi.org/10.1161/01.RES.0000202800.85341.6e
https://doi.org/10.1161/01.RES.0000202800.85341.6e
https://doi.org/10.1002/wdev.98
https://doi.org/10.1016/j.ydbio.2005.02.012
https://doi.org/10.1016/j.ydbio.2005.02.012
https://doi.org/10.1161/ATVBAHA.113.302071
https://doi.org/10.1016/j.cell.2012.10.023
https://doi.org/10.1038/nature08873
https://doi.org/10.1007/s10456-005-9014-9
https://doi.org/10.1038/cr.2013.83
https://doi.org/10.1100/tsw.2008.40
https://doi.org/10.1161/CIRCRESAHA.110.218156
https://doi.org/10.1371/journal.pone.0044231
https://doi.org/10.1371/journal.pone.0044231
https://doi.org/10.1152/physrev.00006.2003
https://doi.org/10.1152/physrev.00006.2003
https://doi.org/10.1159/000112212


25© Springer International Publishing AG, part of Springer Nature 2018 
S. I. Dumitrescu et al. (eds.), Right Heart Pathology, https://doi.org/10.1007/978-3-319-73764-5_2

Right Heart Anatomy: A Short 
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Abstract

Despite of the first description of Sir William 
Harvey in 1616 looking the significance of right 
ventricle function for human heart and lungs, its 
importance was disregarded in clinical practice. 
Starting with 1950s until the 1970s, cardiovas-
cular surgeons assessed techniques to treat 
right-heart hypoplasia and as a result they 
accepted the significance of right heart function. 
During last decade, the impact of right heart 
evaluation has been established for the treat-
ment of cardiopulmonary disorders. Knowledge 
of the right heart anatomy, imaging pathology 
and related clinical manifestations is essential to 

prevent neglected features of cardiovascular 
diseases and false-positive diagnoses. 
Understanding image features of the human 
heart acquired by histological studies, echocar-
diography, computed tomography (CT), micro-
CT studies, or diffusion tensor magnetic 
resonance imaging (DT-MRI) has a very impor-
tant role in the correctness of anatomically out-
lining of the cardiac features, especially those 
associated to the conduction system. Studying 
classic anatomy of the heart on cadaveric sam-
plings is a requirement to know what imaging 
investigations brings for the study of RV anat-
omy and physiology. Considering that, it has to 
be underlined important anatomical features of 
the human right heart.

Keywords
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2.1	 �Background

It has to be underlined that Sir William Harvey 
was the first who depicted in 1616 the significance 
of right ventricular (RV) function in his seminal 
treatise, De Motu Cordis: “Thus the right ventri-
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cle may be said to be made for the sake of trans-
mitting blood through the lungs, not for nourishing 
them” [1, 2, 3]. Starting with 1950s until the 
1970s, cardiovascular surgeons assessed tech-
niques to treat right-heart hypoplasia, as a result 
they accepted the significance of right heart func-
tion [1]. Cleary during last decade, the signifi-
cance of right heart evaluation has been established 
for the treatment of cardiopulmonary disorders 
[4]. Considering that, it has to be underlined the 
important anatomical features of the human right 
heart.

The anterior component or “right atrium 
proper” derives from the primitive atrium [5, 7]. 
As widely validated, both ventricles have unre-
lated embryologic origins. Precisely, the RV 
arises from progenitory cells of the secondary 
heart field [8, 9]. On the other hand, the interven-
tricular septum (IVS) has same embryologic ori-
gin with the RV [5]. Also, RV and LV wall 
thickness have identical raise during gestation 
and both ventricles have almost similar thickness 
at birth [5, 10]. As well as, both ventricles work 
similar during fetal life, to maintain the pulmo-
nary and the systemic circulations. After birth, 
the normal RV is unloaded [11]. Conversely, the 
pulmonary vascular resistance or the afterload of 
the RV diminishes gradually [11].

To sum up, these anatomical and physiologi-
cal differences between right heart and left heart 
explain the various reactions to pathological 
disorders.

2.2	 �Right Atrium

William Harvey was the first to explain the atrium 
as a ‘receptable and store-house’ and ‘the first 
chamber to live and the last to die’. Right atrium 
(RA) is the anatomic chamber that contains the 
significant components of the conduction system 
of the heart being the access for difficult electro-
physiological procedures that implicate bypass 
via RA and interatrial septum [12].

Shortly, RA collects deoxygenated blood from 
the superior vena cavae (SVC), inferior vena 
cavae (IVC) and from the coronary veins. Further, 
it propels this blood through the tricuspid valve 
into RV [5, 13, 14]. Also, from the anatomical 

location, the RA represents the right border of the 
human heart. After Cabrera et al. 2014 [15], the 
RA comprises the right and anterior parts of the 
heart. This partly covers the right part of the left 
atrium (LA). The left part of the RA is distinct by 
the interatrial groove located posteriorly between 
the SVC and the right pulmonary veins. Further, 
the interatrial septum (IAS) plane is oblique about 
65° from the sagittal plane. Therefore, the LA is 
located posterior and superior to the RA [15].

It has to be underlined, that from the antero-
medial part, the RA continues with the right auri-
cle or right atrial appendage (RAA) that is a large 
triangular muscular sac (pouch or pouchlike cav-
ity) that enlarges the size of the RA (Fig. 2.1) [12].

A simplified description of the inside of the 
RA comprises three components: the anterior 
component, terminalis crest and the posterior 
component.

The anterior component or “atrium proper” is 
located anterior to terminalis crest and along with 

Fig. 2.1  The heart is viewed in attitudinally appropriate 
position. As can be seen, the right atrium lies anterior to 
its alleged left-sided counterpart. Note the arrangement of 
the sulcus terminalis and the atrioventricular or coronary 
groove (blue broken line). Ao aorta, CSO coronary sinus 
orifice, ICV inferior cava vein, LA left atrium, LAA left 
atrial appendage, LI left inferior pulmonary vein, LS left 
superior pulmonary vein, OF oval fossa, PM pectinate 
muscles, PT pulmonary trunk, RAA right atrial append-
age, RCA right coronary artery, RI right inferior pulmo-
nary vein, RPA right pulmonary artery, RS right superior 
pulmonary vein, RVOT right ventricle outflow tract, SCV 
superior cava vein, TC terminal crest, and TV tricuspid 
valve. Modified from [12]. It is an open access article
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its length run pectinate muscles [7]. The pectinate 
muscles extend within the RAA that is a muscular 
triangular-shaped area located on the superior part 
of the RA [7]. In fact, the RAA is a triangular 
superior extension of the RA that wraps around 
the aortic root [16]. It extends from the SVC 
almost to the IVC [17]. For patients with a pace-
maker and/or an internal cardiac defibrillator, the 
right atrial lead tip is typically placed at the RAA.

The anterior and posterior components are 
divided by the terminal crest (TC) or crista termi-
nalis that is a ridge/fold of muscle [7].

The posterior component of the RA is a 
smooth wall located posterior to the TC.  It is 
known as the sinus venarum that is the embryo-
logic “right horn of the sinus venosus” [17]. 

Specifically, the valve of the sinus venosus 
degenerates during weeks 9–15 of gestation, with 
the cranial component developing the TC and the 
caudal component developing the valves of the 
IVC (eustachian valve) and coronary sinus (the-
besian valve) [5, 14, 16]. To sum up, the posterior 
component of RA collects in the posteriorlater-
ally part the SVC, IVC and the CS [17].

Evidence looking the RA size and volume are 
incomplete [16]. Malik et al. [16] showed that the 
limits of the RA long- and short-axis dimensions 
are 3.4–5.3 cm  (combined 95% confidence inter-
val [CI]: 3.2, 5.5 cm) and 2.6–4.4 cm (combined 
95% CI: 2.4, 4.6 cm), respectively [16].

Viewing from outside, TC corresponds to the 
sulcus terminalis or terminal groove that is filled 

Terminal Crest (TC, Crista Terminalis)

Generally, the TC is a muscular ridge that 
divides the smooth and muscular compo-
nents of the RA [16]. The TC has a C-form or 

ear-shape and is composed by the joint 
of  the  sinus venosus and the primitive RA 
(Fig. 2.2a, b) [12, 18].

a b

Fig. 2.2  (a) The right atrium is shown in right anterior 
oblique projection. The terminal crest (yellow broken 
line) arches anterior to the orifice of the superior caval 
vein and extends toward the inferior caval vein. Ao 
aorta, CSO coronary sinus orifice, ICV inferior cava 
vein, LA left atrium, LAA left atrial appendage, LI left 
inferior pulmonary vein, LS left superior pulmonary 
vein, OF oval fossa, PM pectinate muscles, PT pul-
monary trunk, RAA right atrial appendage, RCA right 
coronary artery, RI right inferior pulmonary vein, RPA 

right pulmonary artery, RS right superior pulmonary 
vein, RVOT right ventricle outflow tract, SCV superior 
cava vein, TC terminal crest, and TV tricuspid valve. 
Modified after Sánchez-Quintana et al. [12]. It is an 
open access article. (b) Axial CT angiogram shows 
a prominent terminal crest (red arrows) in the right 
atrium. ICV inferior cava vein, LA left atrium, LV left 
ventricle, PM pectinate muscles, RA right atrium, and 
TC terminal crest. Modified after Sánchez-Quintana 
et al. [12]. It is an open access article
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with fat [7, 12, 14]. Specifically, TC is noticeably 
on the part of the SVC and then gradually disap-
pears toward the IVC [7].

Accordingly, the mainly myocytes from the 
TC are parallel with the long axis of the muscle 
bundle. Myocytes from the outside of TC, spe-
cifically from the intercaval area are lined up 
obliquely. This nonuniform array of the myo-
cytes is a possible explanation for their arrhyth-
mogenicity (see Fig. 2.3a, b) [12, 19, 20].

2.2.1	 �Pectinate Muscles

Previous anatomical studies depicted the pecti-
nate muscles to originate or “terminate”  on the 
TC in the posterolateral RA [21]. However, the 
pectinates frequently spread out from the TC 
onto the sub-Eustachian isthmus and sometimes 
they are getting within the coronary sinus 
(Fig. 2.4) [21].

Sánchez-Quintana et al. [12] describe the pec-
tinate muscles as emerging from the TC toward 
the vestibular portion of RA (Fig.  2.5a) [12]. 
Briefly, the “RA vestibule” is the smooth muscu-
lar wall close to the tricuspid orifice and sustains 
the tricuspid valve leaflets. Also, the RA vesti-
bule is encircled by the pectinate muscles of the 

RA [12]. On particular relevance, the pectinates 
muscle may not end up in the TC, but more or 
less traverse the structure of TC and then they 
end in a secondary ridge or fold that it is more 
medial and posterior [22]. Also, the team of 
Sanchez-Quintana et al [12] sustain that the pecti-

a b

Fig. 2.3  (a, b) Frontal sections through the terminal crest 
at the origin and ending of the pectinate muscles. Note the 
irregular alignment (purple arrows) of the muscular myo-
fibrils within the pectinate muscles and between them and 
the circumferentially arranged myocytes in the vestibule 

(yellow arrows). ICV inferior cava vein, LA left atrium, LV 
left ventricle, PM pectinate muscles, RA right atrium, and 
TC terminal crest. Modified after Sánchez-Quintana et al. 
[12]. It is an open access article

Fig. 2.4  Dissection of an autopsied heart showing left 
anterior oblique-like view looking through the tricuspid 
valve into the right atrium with an ablation catheter and 
guiding sheath placed across the cavotricuspid isthmus. 
Note the large pectinate muscles emanating from the crista 
terminalis (CT). Many pectinates are seen encroaching 
onto the cavotricuspid isthmus and traversing the isthmus 
into the coronary sinus (CS). Reprinted from [21]. It is an 
open access article
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nate muscles have a very trabeculated muscle 
fiber bundles that support the nonuniform conduc-
tion of the excitatory impulse (Fig. 2.5a, b) [12].

2.2.2	 �Cavotricuspid Isthmus or 
Inferior Isthmus (CTI/CVTI)

Generally, the atrial myocardium from lower part 
of RA between the tricuspid valve and IVC is 
named the cavotricuspid isthmus (CVTI) 
(Fig. 2.6a, b) [21, 23]. The CVTI is a muscle bun-
dle that begins from the RA anteromedial wall, 
gets in front of the SVC, and goes down to the 
IVC to prolong with a disposition of thinner bun-
dles that enter the region of the atrial wall recog-
nized as the inferior isthmus or cavotricuspid 
isthmus [23]. It is significant for developing a 
conduction delay or a reentrant circuit [23] being 
the anatomic target when ablating typical atrial 
flutter [21].

Of interest, the CVTI differs regarding length, 
width and myocardial thickness within the same 
patient and from patient to patient, and between 
the septal and free wall locations [24–27].

In fact, [25, 28] in studies of cadaveric hearts 
they separated the CVTI into three parallel position 
or levels [25, 28]. Briefly, they recognized and 
determined the lengths of all three levels of the isth-
mus: paraseptal (24 ± 4 mm), inferior (19 ± 4 mm), 
and inferolateral (30 ± 3 mm) [25, 28]. The parasep-
tal isthmus or septal isthmus represents the base of 
Koch’s triangle (see The Conduction system of 
Right Heart below) [12]. From all three isthmuses, 
the septal isthmus is the smallest and the widest 
having the wall varying from 2 to 7 mm on heart 
specimens. Also, the septal isthmus is nearest to the 
atrioventricular node, mostly to the inferior nodal 
elongations [12]. Further, the inferior isthmus or 
central isthmus with location 6 o’clock on LAO 
projection is the best possible location for ablation 
being the thinnest area between the tricuspid valve 
annulus and the IVC ostium [12]. The morphology 
and width of the CVTI between the anterior and 
posterior zones are very different. About 20% of 
patients may present a pouch-like recess known has 
the sub-Eustachian (sub-Thebesian) sinus or a 
recess in the inferior isthmus (Fig. 2.7a, b) [12].

Furthermore, there is a 40% deviation in CVTI 
length during a single cardiac cycle. Recently, 

a b

Fig. 2.5  (a, b) Endocardial aspects of the lateral wall 
of the right atrium opened. Note in (a) that the pectinate 
muscles have a uniform parallel alignment almost with-
out crossovers between them. In contrast, the pectinate 
muscles in (b) have a nonuniform arrangement with abun-

dant interlacing trabeculations between them. CSO coro-
nary sinus orifice, PM pectinate muscles, RAA right atrial 
appendage, RCA right coronary artery, TC terminal crest,  
and TV tricuspid valve. Modified after [12]. It is an open 
access article
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a b

Fig. 2.6  (a) The region of the cavotricuspid isthmus in 
simulated right anterior oblique (RAO) view and the para-
septal, inferior, and inferolateral isthmuses are marked 
1, 2, and 3, respectively. (b) This atrial view shows the 
cavotricuspid isthmus with transillumination. The lines 
mark (1) the paraseptal isthmus, (2) the inferior isthmus, 
and (3) the inferolateral isthmus. Note the smooth vesti-

bule immediately proximal to the tricuspid valve and the 
pectinate muscles in the posterior regions. Ao aorta, CSO 
coronary sinus orifice, EV Eustachian valve, ICV inferior 
cava vein, OF oval fossa, RAA right atrial appendage, 
RVOT right ventricle outflow tract, SCV superior cava 
vein, TC terminal crest, and TV tricuspid valve. Modified 
after [12]. It is an open access article

P

M

Inferolateral isthmus

Inferior isthmus

A
TV

EV

10 mm

10 mm

EV
Pouch

MCV

RCA

Vestibule

TV

a

b

Fig. 2.7  (a, b) This series of histological sections through 
inferolateral (A) and inferior (B) isthmuses from a heart with 
dominance of right coronary artery. Note in (A) the promi-
nent and fibromuscular Eustachian valve in the posterior 
sector or P, thin myocardium in middle sector or M, and 
thicker myocardium in the anterior sector (vestibule) or A. In 
(B), histologic section shows a pouch of the sub-Eustachian 
recess. Note the lesser transmural thickness in this area. 

The right coronary artery is in the epicardial fat related to 
the smooth vestibule. Ao aorta, CSO coronary sinus orifice, 
EV Eustachian valve, ER Eustachian ridge, ICV inferior cava 
vein, MCV minor coronary vein, OF oval fossa, PT pulmo-
nary trunk, RAA right atrial appendage, RCA right coronary 
artery, RVOT right ventricle outflow tract, SCV superior cava 
vein, TC terminal crest, and TV tricuspid valve. Modified 
from [12]. It is an open access article
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Sanchez-Quintana et al [12] confirmed in 32% of 
patients using anatomical images studies with CT 
scan acquired for the period of cardiac cycle that 
CVTI has the highest length elongation during 
midventricular systole at all three equivalent lev-
els [12, 29] while the inferior/central isthmus 
length is over 30 mm [12].

To sum up, the complex anatomical structure 
of the CVTI from various patients generates sub-
stantial problems in case of complete and perma-
nent ablation. The Eustachian ridge (ER), 
sub-Eustachian pouches, proeminent pectinate 
muscles, and arrangement of these anatomic 
deviations, on the whole produce complications 
(Fig. 2.8) [21].

2.2.3	 �The Eustachian Valve or Ridge

The Eustachian valve (EV) or the Eustachain 
ridge (ER) protects the ostium of the IVC [12]. 
The EV primarily serves to direct blood toward 
the fossa ovalis in fetal life [5, 6]. Usually, EV is 
described as a crescentic, thin and unimportant 
flap [12]. The free edge of the EV carries on as 
the tendon of Todaro that continues in the mus-

cles of the EV [12]. About 2% of the population 
presents a “fishnet” EV with different sizes 
acknowledged as Chiari network [14, 30].

Infrequently, the flap of EV is bulky blocking 
the entrance to the most posterior component of 
the isthmus. Therefore, only the whole ablation 
of oversized EV or ER makes possible the 
paraseptal isthmus block [31]. Previously, the 
study of Cabrera et al [28] on cadaveric hearts 
showed that 26% from hearts had an increased 
ER  with a mean thickness of 3.2 ± 0.8 mm [28]. 
Also, Heidbuchel H et al [32] showed by an angi-
ographic study increased EV in 24% of patients 
Heidbuchel H et al [32]. A thicker ER over 4 mm 
is seen in 24% of the normal population studied 
with CT scans [29].

Fig. 2.8  A more realistic view from an actual autopsied 
heart. The complex regional anatomy of the cavotri-
cuspid isthmus. The arrow points to the sub-Eustachian 
pouch. Note the prominent Thebesian valve guarding 
the opening of the coronary sinus (CS). A prominent 
Eustachian ridge (ER) and valve associated with the 
Eustachian ridge are also visualized. From [21]. It is an 
open access article

Sub-Eustachian Ridge

On the other hand, Sehar N et al [21] con-
sider that EV and ER are two anatomical 
different structures. His team uses next 
statement that “the ER along with the 
Eustachian valve helps in fetal life to direct 
oxygenated blood from the IVC through 
the foramen ovale to the left atrium”. 
Furthermore, the ER divides the CVTI into 
an anterior sub-Eustachian isthmus and a 
posterior post-Eustachian isthmus [21]. 
Usually, the sub-Eustachian isthmus is 
composed from circumferentially atrial 
myocardial fibers from the base of the ER 
to the tricuspid valve [21]. Also, the ER 
differs regarding its protrusion and it is 
very well expanded as it has been observed 
in several adult hearts. In ER, the ratio of 
myocardium to fibrous tissue differs too, as 
a result the conduction properties of this 
ridge are also irregular [21]. Also, it should 
be emphasized, that the most part of hearts 
have myocardium in the ER, and thus, the 
ablation technique applied between the tri-
cuspid valve and the ER is not generally 
effective [21, 33–35].
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a

c

b

Fig. 2.9  (a–c) These hearts show variations in mor-
phology of the Thebesian valve guarding the coro-
nary sinus orifice, the sub-Eustachian pouch, and 
Eustachian ridge. Ao aorta, CSO coronary sinus ori-
fice, EV Eustachian valve, ER Eustachian ridge, ICV 
inferior cava vein, MCV minor coronary vein, OF oval 

fossa, PT pulmonary trunk, RAA right atrial append-
age, RCA right coronary artery, RVOT right ventricle 
outflow tract, SCV superior cava vein, TC terminal 
crest, and TV tricuspid valve. Modified from [12]. It is 
an open access article

Sub-Eustachian Pouches

In all patients, the sub-Eustachian component 
or region of the CVTI is located quite inferior 
to the ER [21]. However, several patients may 
present an “excavation of myocardium” caus-
ing “an aneurysmal—type dilation” in the 
sub-Eustachian region named sub-Eustachain 
pouch (see Fig. 2.8) [21, 27, 31, 33, 36–38]. If 
these sub-Eustachain pouches develop, they 
are located closer to the CS ostium than the 

free wall of the RA, and they differ consider-
ably in the depth as well as the anteroposterior 
dimension [22, 25, 33]. Of note, it could be an 
developmental correlation between the protru-
sion of Eustachian pouches and the prominent 
of Thebesian valve that protects the ostium of 
the coronary sinus. Thus, it is unusual to find 
a large sub-Eustachian pouch without signifi-
cant evidence of the Thebesian valve 
(Figs. 2.9a–c and 2.10) [12].
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The occurrence of a wide sub-Thebesian 
recess or deep pouches is correlated mainly with 
RF applications in comparison with undeviating 
right level of isthmus [27]. This undeviating 
isthmus can alter local radiofrequency delivery 
because a limited area from blood flow results in 
delayed catheter tip cooling. Heidbuchel et al 
[32] showed in one angiographic study of the 
CVTI, that pouch was present in 47% of patients 
with a mean depth of 4.3  ±  2.1  mm (1.5–9.4) 
[32]. Later, another study of [29] using CT scans 
in normal population have identified both thick 
recess associated with a pouch-like over 5 mm 
in 45% of patients on central isthmus in 45% of 
mid-diastolic phase images [29]. To sum up, 
this observation can be valuable in preproce-
dural techniques when the existence of a wide 
pouch would determine a “central approach to 
the ablation” [12].

2.3	 �The Interatrial Septum

The interatrial septum (atrial septum) splits the 
atrial chambers from one another [12] represent-
ing the posteromedial wall of the RA. The anat-
omy of the atrial septum is not simple one [41]. 
Shortly, the interatrial septum is a solid muscular 
wall with a small central oval-shaped depression 
called the fossa ovalis (FO) (Fig. 2.11a, b) [41].

Spatial orientation of the anatomic compo-
nents of the interatrial septum is best shown by 
CT angiography [29, 42, 43]. The interatrial sep-
tum has an interatrial component and an atrio-
ventricular component. In fact, the interatrial 
septum originates from the embryologic septum 
primum and septum secundum [13]. Anderson et 
al [44] define the true interatrial septum as the 
region confined to the area that is marked by the 
valve of the FO or “the embryonic septum pri-
mum” and the anterior structure of the atrial sep-
tum that is the true “secondary septum” [44].

The fossa ovalis (FO) is the rest of the foramen 
ovale in the foetal heart that let right to left shunt-
ing of blood to bypass the lungs. After birth, this 
embryonic shunt is removed when the valve of the 
fossa closes against the muscular rim—an infold-
ing of the atrial wall. The superior and posterior 
parts of the rim are the infolding between the SVC 
and the right pulmonary veins (Fig. 2.12a, b) [12].

The Sub-Eustachian Sinus (Sinus of Keith, 

Sub-Thebesian Recess)

Attitudinally appropriate nomenclature for 
this anatomic variant is sub-Thebesian 
recess [39, 40]. The sub-Eustachian recess 
is an expansion of a pouch-like isthmus 
below the ostium of the coronary sinus [12].

Fig. 2.10  Coronal CT shows a sub-Eustachian 
pouch (yellow arrow) in the median aspect of the 
right inferior cavoatrial junction. ICV inferior 
cava vein, LA left atrium, LV left ventricle, PM 
pectinate muscles, RA right atrium, and TC 
terminal crest. Modified from [12]. It is an open 
access article

2  Right Heart Anatomy: A Short Uptodate



34

a b

Fig. 2.11  (a, b) Anatomy of the normal atrial septum. (a) 
Opened right atrium showing the entrance of the superior 
vena cava (SVC), inferior vena cava (IVC), and coronary 
sinus (CS). The fossa ovalis (FO) forms the central part of 
the atrial septum and is bounded superiorly and rightward 
by septum secundum (SS). Septum primum is the thin 
floor of the fossa. The muscular base of the atrial septum 
(ο) is between the fossa and the coronary sinus. The AV 
canal septum (“asterisk”) is adjacent to the tricuspid valve 
(TV). (b) On the left atrial side, septum primum (SP) 

forms a hammock—shaped structure and has insertions 
(white arrows) on septum secundum (SS). LAA left atrial 
appendage, MV mitral valve. From [41]. This is an open-
access article distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, pro-
vided the original author and source are credited. https://
www.omicsonline.org/congenital-heart-defects-in-
adults-a-field-guide-for-cardiologists-2155-9880.S8-007.
php?aid=6799

a b

Fig. 2.12  (a, b) Longitudinal sections through the 
venous component of the right atrium showing by transil-
lumination in (A) the flap valve of the oval fossa and the 
muscular rim that surrounds it on the right atrial aspect. In 
this heart there is probe patency of the oval fossa, leaving 
a gap in its anterosuperior aspect. The gap can allow a 
catheter to be slipped between the rim and the valve (A) to 

enter the left atrium (B). Note in (B) by transillumination 
the location of the oval fossa in the left side of the sep-
tum. CSO coronary sinus orifice, ICV inferior cava vein, 
LAA left atrial appendage, OF oval fossa, RI right inferior 
pulmonary vein, RS right superior pulmonary vein, SCV 
superior cava vein, TC terminal crest,  and TV tricuspid 
valve. Modified from [12]. It is an open access article
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The depression of FO is encircled by a muscu-
lar ridge known as the limbus fossae ovalis [13]. 
Also, the FO is located anterior and superior to 
the both orifices of the IVC and the CS [13]. 
Further, [5, 41] showed that the FO is bordered 
superiorly and rightward by septum secundum or 
superior limbic band [5, 41].

Between the FO and the coronary sinus there is 
the inferior muscular bottom of the atrial septum 
that has the tendon of Todaro and carry on with the 
EV. The tendono of Todaro has an obliquely course 
inside the ER and splits the FO from the coronary 
sinus to inferior part. It is important to underline 
the role of the tendon of Todaro that unifies the 
valve of the IVC to the middle fibrous component 
of the cardiac skeleton [13]. Furthermore, it looks 
like a fibrous expansion from the membranous 
part of the interventricular septum [13]. 
Importantly, it has a structural role to sustain the 
IVC and is of use to locate the AV node [13].

This FO is enclosed by a fine septum primum 
that is more obvious from the left atrial part where 
the fixation to septum secundum and overlap of 
both structures are evidently observed [5, 41]. 
Therefore, the left atrial appearance of the atrial 
septum has no “crater-like” aspect of the right 
side because here the fossa valve covers the fossa 
rim [12, 14]. The component between the FO and 
the atrioventricular valves has a muscular struc-
ture named atrioventricular canal septum [5, 45].

Initially, [46] described patent foramen ovale 
(patent fossa ovalis) in 10–15% of patients [46]. 
The team of [12] showed that about one-third of 
the normal population has patent foramen ovale 
[12]. Same team of [12] explains that this 
incomplete adhesion of the valve to the rim, it 
may be useful. It appears a space frequently in 
the anterosuperior margin and having a C-shaped 
mark in the left atrial side. This space can permit 
the access of a catheter to the LA [12]. Patent 
foramen ovales has been associated with a right-
to-left shunt, paradoxical emboli, cryptogenic 
stroke, hypoxemia in patients with obstructive 
sleep apnea, increased risk for decompression 
sickness among scuba divers, and increased risk 
for atrial fibrillation after cardiac surgery [46].

There are two major anatomic aspects of the 
interatrial septum: the lipomatous hypertrophy of 
the interatrial septum and the large interatrial sep-

tal aneurysm [12]. Lipomatous hypertrophy of the 
interatrial septum is collection of fat in the inter-
atrial groove [42]. The large interatrial septal 
aneurysm is characterized by a FO with slimmer 
and elongated valve [12]. Both anatomical variants 
can be shown precisely by three-dimensional 
transesophageal echocardiography and CT-derived 
imaging [29, 42, 43].

Moreover, enlargement of the atrial chambers 
with raised age or body mass, severe kyphosco-
liosis, severe left ventricular hypertrophy or a 
distended aorta influence the septal plane direc-
tion with dislocation of the FO [12, 47].

2.4	 �Right Ventricle

The right ventricle (RV) collects deoxygenated 
blood from the RA, and propels it through the 
pulmonary orifice into the pulmonary artery [14]. 
On the general whole, the RV is formed by free 
(anterior and posterior) walls and IVS [48]. In the 
chest, the RV has an anterior position and is situ-
ated just behind the sternum. Also, RV delimitate 
the inferior margin of the cardiac profile [14, 49].

Anatomically the RV has a complex shape 
(see Fig. 2.13) [50]. With a quite thin free wall, it 
has triangular profile observed from a side and 
crescentic (pyramidal) profile when regarded in 
cross-section [49]. If heart is observed from the 
apex, the right edge of the RV is sharp [49]. When 
heart is observed from the diaphragmatic part, 
the right ventricle (RV) and left ventricle (LV) lie 
side by side [14].

Shortly, RV has an odd geometry with a 
crescent-shaped RV that wraps around conical 
LV (Fig. 2.14) [14, 48, 51].

RV has three distinct regions with different 
embryological origins and electrophysiological 
properties that comprise (Figs.  2.15 and 2.16) 
[12, 48, 49, 52]:

	(1)	 the inlet/inflow component,
	(2)	 the apical trabecular component,
	(3)	 the outlet/outflow tract component.

The inlet and trabecular components have a 
common embryological origin. The inflow 
component is heavily trabeculated by coarse 
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trabeculae carneae, the outflow component is 
named infundibulum and contains only a few tra-
beculae, and the subpulmonic area has a smooth 
surface [7, 48].

It has to be mentioned that the “tripartite con-
cept in the evaluation of congenitally malformed 

Fig. 2.13  Cross-sectional view of both ventricles demon-
strating the crescent shape of the right ventricle and coni-
cal form of the left ventricle. The obliquity of the septal 
muscle structure and its spiral arrangement is clear. Note 
the thickened septum, and the wrap around basal loop. 
From [50] with permission

basal bulge length

tricuspid
annulus

cross
sections

LV
long
axis

Fig. 2.14  RV shape analysis. Both the total length of the 
right ventricle (not illustrated) and the basal bulge length 
were computed parallel to the left ventricular (LV) long 
axis. Modified from [51] with permission

Fig. 2.15  This is a right lateral view showing the three 
components of the right ventricle and the characteristic 
muscle bundles as septomarginal trabeculation and supra-
ventricular crest or ventriculoinfundibular fold. Ao aorta, 
APM anterior papillary muscle, AV aortic valve, CSO cor-
onary sinus ostium, ICV inferior cava vein, LAA left atrial 
appendage, LV left ventricle, LVOT Left ventricle outflow 
tract, OF oval fossa, PT pulmonary trunk, RAA right atrial 
appendage, RV right ventricle, RVOT right ventricle out-
flow tract, SC supraventricular crest, SCV superior cava 
vein, SMT septomarginal trabeculation, and TV tricuspid 
valve. Modified from [12]. It is an open access article

Fig. 2.16  Longitudinal section through the roof of the left 
atrium showing the endocardial view of the left atrium and 
right ventricle. LAA left atrial appendage, PT pulmonary 
trunk, Ao aorta, MV mitral valve, RV right ventricle, CS cor-
onary sinus, LI left inferior pulmonary vein, LS left supe-
rior pulmonary vein, LLR left lateral ridge, RI right inferior 
pulmonary vein, RS right superior pulmonary vein, OVM 
oblique vein of Marshall, and LCPV left common pulmo-
nary vein. Modified from [12]. It is an open access article
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hearts is more constructive than the traditional 
division of the RV into sinus and conus compo-
nents”[49]. It seems that the heart with malfor-
mations, one or more of the three components 
can be absent in one ventricle [5, 49].

The three leaflets of TV are the anterior (supe-
rior, infundibular, anterosuperior), posterior 
(inferior, mural, marginal), and medial (septal) 
(see Fig. 2.17) [12, 14]. All leaflets are triangular 
form with different sizes. The septal leaflet is the 
smallest leaflet with the numerous tendinous 
cords that have the role to connect septal leaflet 
right away to the ventricular septum. It begins 
from the TV annulus and gets on medial part of 
the IVS. The commisure between the septal and 
anterior leaflets is sustained by a medial small 
papillary muscle. Importantly, the septal leaflet is 
more apical than the anterior mitral leaflet. 
Further, the anterior leaflet is the largest and 
spreads from the medial part of the IVS to the 
anterior free wall. In fact, it attaches to the right 
atrioventricular junction. The anterior leaflet is 
sustained in its central area by a bulky papillary 
muscle that as a rule comes up from the modera-
tor band with insertion to the parietal wall. The 
inferior leaflet is sustained by a number of small 
papillary muscles that come up from the dia-
phragmatic wall of the RV.  It spreads from the 
lateral free wall to the posterior part of the IVS. It 
has a mural attachment. The findings of TV such 
as varying number and disposition of papillary 
muscles also make a distinction between the TV 
from the mitral valve that has two groups of pap-
illary muscles with organized grouping [49]. The 
TV leaflets have a smooth atrial side while the 
irregular ventricular side offers insertion for the 

The Muscular Inlet/Inflow Component

The posteroinferior component of RV 
extends from the atrioventricular junction 
represented by the TV annulus into the 
insertions of the papillary muscles to the 
ventricular walls. In other words, it is the 
area comprising the tricuspid valve (TV) 
(see Fig. 2.17) [12, 49].

Fig. 2.17  The right side of the heart is opened to 
show the hinge of the tricuspid valve and the loca-
tion of the right papillary muscles and leaflets of the 
tricuspid valve. Ao aorta, APM anterior papillary 
muscle, CSO coronary sinus ostium, IPM inferior 
papillary muscle, OF oval fossa, RVOT right ven-
tricle outflow tract, SC supraventricular crest, SCV 
superior cava vein, SMT septomarginal trabecula-
tion, and SPM septal papillary muscle. Modified 
from [12]. It is an open access article

Tricuspid Valve (TV)

Same to the atrioventricular valve, the tri-
cuspid valve system comprises an annulus, 
leaflets, papillary muscles, and the chordae 
tendinae [13, 14]. The TV oriffice is tough-
ened by its annulus fibrosus of the cardiac 

skeleton. TV annulus is located on the base 
of RA connected to the membranous region 
of the septum [13]. TV has the largest 
annulus in the heart [49, 53], feature that 
predisposes TV to be fragile to structural 
changes caused by a persistent increase of 
pressure or volume load [49]. The antero-
superior component of the TV annulus 
divides the membranous septum into atrio-
ventricular and interventricular compo-
nents. Commonly, there is a breach within 
the leaflet located at the site of the membra-
nous septum.
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chordae. Mainly in children, the atrial side of 
leaflets can have small nodules on the edges, 
known as the noduli albini [17].

TV has three types of chordae tendinae or ten-
dinous cords with the role to insert TV and to pre-
vent its prolapse during systole into the RA [17]. 
Netter [17] classifies these tendinous cords in 
primary, secondary and tertiary types. The pri-
mary type of chordae attaches the free edge of the 
leaflets to the papillary muscle by some fine 
strands. The secondary type of chordae attaches 
the ventricular component of each leaflet to the 
papillary muscle. These tendinous cords have 
reduced number but strongest attachment. In 
same way, the third type of cords attaches each 
leaflet to the ventricular myocardium. Typically, 
septal leaflet has multiple cords insertions to the 
IVS [17]. In fact, the septal leaflet with its cords 
or medial papillary muscle attaching directly to 
the IVS is a feature of the RV [12].

The commissures of TV attach the leaflets 
being classified as anteroseptal, anteroposterior 
and posteroseptal. These commisures assure only 
incomplete separation of the leaflets, therefore 
they don’t stretch the annulus of TV [17].

The number of papillary muscles that link the 
leaflets to the walls via the cords are variable. 
Each papillary muscle gives cords for two adja-
cent leaflets. The anterior papillary muscle is the 
largest, while septal papillary muscle is the small-
est. Also, the septal papillary muscle is located 
where the crista supraventricularis meets the sep-
tal band, supplying attachment to the cords to the 
posterior and septal leaflet of the TV [54].

In fact, the moderator band is a link between 
the septomarginal trabeculation (SMT) or septal 
band to the anterior papillary muscle (see 
Fig. 2.18). Further, the SMT is a Y-shaped mus-
cular band that attaches to the septal side. 
Between the extremities of SMT the heart wall 
infolds and forms the supraventricular crest that 
divides the inflow and outflow components of the 
RV and supports the pulmonary valve (PV) [57]. 
From the anterior edge of the SMT start the sep-
toparietal trabeculations (between five and 22 
trabeculations) that go round the free wall parts 
of the subpulmonary infundibulum [58, 59].

The outlet component (the infundibulum, 
conus, the RVOT) is a smooth funnel-shaped 
myocardial outflow tract called infundibulum 
[49]. Briefly, the RVOT is located leftward and 
anterior to the left ventricular outflow tract 
(LVOT) (Fig. 2.19) [60] and the left main coro-
nary artery is closer to the posterior RVOT [12]. 
This region is particularly important in patients 
with congenital heart disease [61] and 
arrhythmias.

The RVOT contains subpulmonary infundibu-
lum and the pulmonary valve [62, 63]. Esentially, 
the myocardium of the posterior RVOT has  

Fig. 2.18  The right ventricle is opened from the 
front to show the septal papillary muscle, modera-
tor band, and septoparietal trabeculations. Ao aorta, 
APM anterior papillary muscle, CSO coronary 
sinus ostium, IPM inferior papillary muscle, OF 
oval fossa, RVOT right ventricle outflow tract, SC 
supraventricular crest, SCV superior cava vein, SMT 
septomarginal trabeculation, and SPM septal papil-
lary muscle. Modified from [12]. It is an open access 
article

The Trabecular Component

It extends from the papillary muscles of TV 
to the heart apex [14]. According to [55], 
the trabecular component of RV contains 
the static apex (with heavy and coarse tra-
beculations), two thick intracavitary mus-
cle bands, the crista supraventricularis, and 
the moderator band [55, 56]. Moderator 
band is connected to the right ventricular 
outflow tract (RVOT) and it is extending 
from the IVS to the anterior RV wall 
(Fig. 2.18) [12, 55].
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continuity with the LVOT and with the closest 
anterior IVS [12]. The most inferior part of pos-
terior RVOT myocardium is closest to the aortic 
leaflets (right coronary leaflet and part of the left 
coronary leaflet). Further, the myocardium is 
rather thin in the anterior, rightward and subpul-
monary valve components of the RVOT,  while 
the posterior infundibular component is adherent 
to the anterior LVOT as a result the cranial IVS is 
the thickest. RVOT has a leftward route from 
proximal-to-distal, as a result the most rightward 
component of the RVOT is the bundle of His 
region, and the most leftward component of 
RVOT is the supravalvar myocardium above the 
anterior leaflet of the PV [12].

The subpulmonary infundibulum extends 
from the crista supraventricularis to the pulmo-
nary valve (PV) and is typically without muscu-
lar trabeculations. Conversely, bordering 
subpulmonary infundibulum can exhibit trabecu-
lations from the IVS to the parietal wall. These 

septoparietal trabeculations can have flat surface, 
enfolding the parietal wall. Also, they can be 
hypertrophied with muscular subpulmonary ste-
nosis as in tetralogy of Fallot [49].

The PV is a semilunar valve separated from 
the TV by the ventriculo-infundibular fold that 
develops the supraventricular crest described 
above. The PV has no identified annulus to sus-
tain the valve (Figs. 2.20 and 2.21) [12]. The PV 
looks like the configuration of the aortic valve 
with the three symmetric, semilunar leaflets or 
cusps. The cusps are connected to the right ven-
tricular infundibulum and the pulmonary trunk 
[17]. The leaflets of PV are smooth and thin with 
a small fibrous nodule (nodulus Arantii) at the 
center of the free edge [17].

Assessing the both semilunar valves, the level of 
the PV is superior and almost horizontal, while the 
level of the aortic valve is inferior with an angle of at 
least 45° from the median plane. Sánchez-Quintana 
[12] suggests that the differentiation in levels of arte-

Fig. 2.19  Anatomy of the outflow tract. CT scan 3D 
reconstruction showing the ventricles, outflow tract and 
the aorta and pulmonary artery. On the left panel, RAO 
view, and on the right panel, LAO. The pulmonary artery 
and the RVOT lie anterior to the LVOT and the aorta. The 
RV is located to the right, but when it advances into the 
RVOT and pulmonary artery, they are located on the left-
ward to the LV, LVOT and aorta. In the opposite, the LVOT 
and aorta are located rightward to the middle axis of the 

heart. There is an intimate relationship between the right 
coronary cusp and the septal aspect of the RVOT. The left 
main and coronary sinus (not shown in this model) locate 
to the left of the RVOT and LVOT and anterior to the LV. 
CT computerized tomography; RAO right anterior oblique, 
LAO left anterior oblique, RVOT right ventricular outflow 
tract, LVOT left ventricular outflow tract, RV right ven-
tricle, LV left ventricle, NCC right coronary cusp, NCC 
non-coronary cusp. From [60]. It is an open access article
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rial semilunar valves can be amplified by the length 
of infundibulum.

Finally, the pulmonary trunk divides into right 
and left pulmonary arteries. The ligamentum 
arteriosus that is a residue of the fetal ductus 
arteriosus joins this division of the pulmonary 
artery to the inferior plane of the aortic arch [14].

2.5	 �Interventricular Septal 
Morphology

The IVS is muscular excluding a very small 
fibrous part that is the membranous septum. In the 
normal heart, the curve of the IVS describes the 
RV as wrapping the LV [14]. The partly covering 
between left ventricular inlets and outlet locates 
the LVOT directly at the back of the IVS. As a 
result, IVS splits LVOT from the RV inlet causing 
the “wedged” location of the aortic root [14, 49].

The septal side of the RV is a typical muscle 
band named the septomarginal trabeculation 
(SMT) as already described above. Ho and 
Nyhoyannopoulus [49] describe it as a band with 
Y-shape that holds the ventriculo-infundibular 
fold between its arms [49]. In the posterior-infe-
riorly arm inserts the medial papillary muscle. 
The antero-cranial arm merges into the subpul-
monary infundibulum. Frequently, the body of 
SMT is adherent to the septum. If it is hypertro-
phied, the SMT can separate the RV cavity into 
two chambers. Another morphologically feature 
of the RV is the moderator band that comes up 
from the body of the Y (SMT) to get to the pari-
etal wall together with a fascicle of the right bun-
dle branch (RBB)  of the atrioventricular 
conduction system [49]. Importantly, the inser-
tion of the medial papillary muscle is the land-
mark for the most superior part of the right bundle 
branch (RBB). From there, it descends like a cord 
in the subendocardium of the SMT [49].

2.6	 �The Conduction System 
of Right Heart

The conduction system is also closely associated 
with the RA. Close to the entry of the SVC is the 
sinoatrial (SA) node, the cardiac pacemaker that 
produces 60–100 beats per minute (bpm). 

Fig. 2.20  Cross-histological section stained with Masson's 
trichrome through the left and the right atria. Note the ana-
tomic relation of the right ventricular outflow tract with 
the subaortic outflow. Note that while all of the leaflets of 
the pulmonary valve are supported by infundibular mus-
culature, only two of the leaflets of the aortic valve have 
muscular support. Pulmonary sinuses are named according 
to their relationship to the heart (nonattitudinal), including 
anterior (A), left posterior (LP), and right posterior (RP) 
pulmonary sinus. CS coronary sinus, PT pulmonary trunk, 
RVOT right ventricle outflow tract, and TV tricuspid valve. 
Modified from [12]. It is an open access article

Fig. 2.21  Endocardial view of right ventricular outflow 
tract (RVOT) is shown (d). Note that endocardial infun-
dibular sleeve consists of septoparietal trabeculations 
(“asterisk”) arising from septomarginal trabeculation 
(SMT). Note crossing architecture pattern of myocardial 
strands between septomarginal trabeculation with septo-
parietal trabeculations and supraventricular crest below 
pulmonary valve. L the left aortic sinus, LCA left coronary 
artery, M myocyte, MV mitral valve, N noncoronary aor-
tic sinus, LP left posterior pulmonary sinus, PF Purkinje 
fiber, PT pulmonary trunk, R right aortic sinus, RA right 
atrium, RCA right coronary artery, RP right posterior 
pulmonary sinus, RVOT right ventricle outflow tract, SC 
supraventricular crest, SCV superior cava vein, SMT sep-
tomarginal trabeculation, and SPM septal papillary mus-
cle. Modified from [12]. It is an open access article
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Further, the impulse distributes by the interatrial 
and internodal conduction pathways to get to the 
atrioventricular (AV) node, the bundle of His that 
divides into left and right branches. Each bundle 
branch ends in a network of fibers named the 
Purkinje fibers with ventricular contraction. In 
normal human heart, the dominant pacemaker is 
the SA node. The AV node and the Purkinje cells 
have a normal physiologic rate from 25 to 55 bpm 
[64]. The parasympathetic system dominates at 
rest and slows the sinoatrial rate.

The SA node is located on the roof of the RA 
at the junction of the RAA, the SVC, and the sul-
cus terminalis (Fig. 2.22) [12, 65]. It has been pre-
viously described as being located 1  mm under 
the epicardium, with the length of 10–20 mm and 
large of 5 mm. It contains the P cells capable of 
spontaneous depolarization with the formation of 

the normal cardiac rhythm [65]. Essentially, the 
SA node is mainly adjusted by sympathetic and 
parasympathetic efferent innervation.

The internodal bundles comprise the anterior 
internodal bundle that originates from the anterior 
SA node, coursing the roof of the right IAS and 
divides into the Bachman’s bundle connected to the 
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Fig. 2.22  (a) Frontal view of the heart in a cadaver that 
has been dissected to show the course of the phrenic 
nerves relative to the atria and left ventricle. The antici-
pated location of the sinus node outlined with dots on yel-
low background. The double-headed arrow represents the 
sectioning plane used for making the sections through the 
sinus node and the terminal crest shown in the histological 
sections. (b, c) Histological sections with picrosirius red 
stain and polarized light showing variations in  locations 
of the sinus node relative to the epicardial and endocardial 
surfaces and sizes of the terminal crest. Note nodal exten-

sions (arrows) to superior caval vein, terminal crest, and 
epicardium. (d) With Masson’s trichrome stain is recog-
nizable a nodal extension to terminal crest by its fibrous 
matrix (green). (e) Histological section of the nodal body 
(Masson's trichrome stain). Note the contour of the node 
towards the neighboring myocardium (“asterisks”). Ao 
aorta, LPN left phrenic nerve, and LV left ventricle, PT 
pulmonary trunk, RAA right atrial appendage, RPN right 
phrenic nerve, RV right ventricle, SCV superior cava vein, 
TC terminal crest, and TV tricuspid valve. Modified from 
[12]. It is an open access article

Interatrial Conduction

From SA node, depolarization spread over 
both atria. There are disagreements looking 
the mechanism of impulse conduction through 
the both atria [65, 66]. Conversely, there are 
three anatomic conduction pathways from the 
SA node or from its proximity.
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LA and a second bundle going downward to the AV 
node, with the length of the anterior region of the 
IAS. The middle internodal bundle or Wenckebach’s 
bundle routes anteriorly to the FO within the IAS to 
get to the AV node. Usually, it is infrequent and 
undeveloped. The third internodal bundle is named 
posterior internodal bundle (Thorel’s bundle), that 
routes along the length of the TC via the EV, poste-
riorly to the coronary sinus [65].

The AV node (node of Tawara) and His bun-
dle. The AV node is situated on the floor of the 
RA inside the triangle of Koch [12, 49]. To 
approximate the location of the AV node (see 
Figs. 2.23 and 2.24) [12], it is necessary to iden-
tify the triangle of Koch with its base via the 
coronary sinus; and the sides are the septal leaf-
lets of the TV and the tendon of Todaro [13].

Therefore, from the components of AV node 
(transitional zone and compact node) emerges 
AV bundle and prolongs with the penetrating dis-
tal AV bundle (His bundle) [66]. The bundle of 
His is located within the membranous atrioven-
tricular septum and it can be recognized in the 
central fibrous  body. In fact, it represents an ana-
tomically and histologically switch between the 

AV node and the bundle branches (see above 
Figs. 2.24c–e and 2.25) [39, 40, 68–70].

The right bundle branch (RBB) of His 
emerges from the membranous septum to 
descend subendocardially on the SMT and the 
moderator band, which carries within it a major 
fascicle of the RBB [71]. The RBB continues 
inferiorly as a continuation of the bundle of His 
in the subendocardic portion of the IVS 
(Fig. 2.26) [7, 12, 65].

The Purkinje fibers represent the system of 
conduction fibers emerging from both left and the 
right bundle branches. It has a rapid conduction. 
These conduction fibers of Purkinje fibers spread 
inside the myocardium and the trabeculation of 
the RV and LV. Specifically, moderator band is 
the most frequent conduction pathway that com-
prises Purkinje fibers from the RBB [7].

It seems that the SA node has a complex 3D 
shape with multiple emerging extensions 
(Fig. 2.27) [72]. The SA node gets thinner at the 
superior cavoatrial junction, and narrows cau-
dally as it continues to the IVC (Fig. 2.27) [72].

Using automatic segmentation, the team of 
Stephenson [72] had rebuilt the finest elements of 
SA node (Fig. 2.28). The major body of the SA 
node has a length = 14.8 mm and width = 4.3 mm. 
It is located within the intercaval area, however 
isles and extensions from SA nodal tissue were 
also observed within the terminal crest, continu-
ing on the way to the epicardial terminal groove, 
the pectinate muscles, and to the IAS [72].

Accordingly, the study of Stephenson et al 
[72] confirmed the atrioventricular conduction 
axis histological data published initially by [73]. 
Their 3D study validated that the conduction 
axis stems from the triangle of Koch. Also, the 
longitudinal micro-CT tomograms confirm his-
tological studies of [73–75] (Fig. 2.29).

Future Directions

Recently, [72] using micro-computed 
tomography (micro-CT) described the first 
3D representation of the cardiac conduc-
tion system on ex-vivo intact human hearts.

Fig. 2.23  Window dissection of the right heart to show 
the AV node and right bundle branch crossing the central 
fibrous body (“asterisk”). Ao aorta, APM anterior papil-
lary muscle, CSO coronary sinus ostium, IPM inferior 
papillary muscle, OF oval fossa, RVOT right ventricle out-
flow tract, SC supraventricular crest, SCV superior cava 
vein, SMT septomarginal trabeculation, and SPM septal 
papillary muscle. Modified from [12]. It is an open access 
article
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Fig. 2.24  (a) Dissection in right anterior oblique view of 
the  right atrium shows the borders of the triangle of Koch. 
In this view we have depicted the putative fast and slow 
pathways toward the AV node (dotted shape in yellow). 
(b) Example of small triangle of Koch with a bigger coro-
nary sinus ostium size. (c–e) A series of histological sec-
tions in comparable orientation to the picture (a) are taken 
through the coronary sinus ostium and inferior extensions 

of the AV node, the body of the AV node, and the penetrat-
ing bundle of His. Asterisk (∗) central fibrous body, AVN 
artery atrioventricular nodal artery, CSO coronary sinus 
ostium, CFB central fibrous body, ER Eustachian ridge, 
ICV inferior cava vein, MV mitral valve, OF oval fossa, 
PFO patent foramen ovale, STV septal leaflet of the tricus-
pid valve, and TT tendon of Todaro. Modified from [12]. It 
is an open access article
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Same study of Stephenson et al [72] showed 
that the bundle branches “as fine low attenuating 
ribbon-like structures” going down on the endo-
cardial surface of the IVS. The RBB mainly was 
predominantly outlined in the long-axis micro-
CT sections (Fig. 2.30). Distally, RBB continues 
with the Purkinje network. On the other hand, 

Fig. 2.25  Gross specimen illustrating the location of the 
penetrating His bundle at the atrioventricular portion of 
the membranous septum. RA right atrium, RV right ventri-
cle, Ao Aorta, AV atrioventricular, LV left ventricle. From 
[67], with permission

Fig. 2.26  Histological section of the septal papillary 
muscle (double-headed black broken line). Note the close 
relationship  with right bundle branch of His. Ao aorta, 
APM anterior papillary muscle, CSO coronary sinus 
ostium, IPM inferior papillary muscle, OF oval fossa, 
RVOT right ventricle outflow tract, SC supraventricular 
crest, SCV superior cava vein, SMT septomarginal trabec-
ulation, and SPM septal papillary muscle. Modified from 
[12]. It is an open access article
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Fig. 2.27  Micro-CT allows objective discrimination 
of the human sinus node. This figure demonstrates high 
resolution (28 × 28 × 28 μm3) micro-CT data from part of 
the right atrium containing the sinus node. For this figure, 
the sinus node is outlined in yellow in short-axis micro-
CT sections (c, d) and in matching histological sections 

taken from the same sample (a, b). The plane of section 
in c and d is shown on the 3D volume rendering (endocar-
dial view) (e). CT terminal crest, ICV inferior caval vein, 
PcM pectinate muscles, SCV superior caval vein, SN sinus 
node, “Asterisk” indicates epicardial fat. From [72]. It is 
an open access article
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[72] showed that accordingly with previous 
immunohistochemical studies of [76], there is no 
confirmation of intramural Purkinje fibres in the 
human heart.

2.7	 �Anatomy of Right Heart 
Vessels: Short Points

The RV has a blood supply assured by the right 
coronary artery (RCA) and the left (LCA) [14, 48, 
67] (Fig. 2.31). The RCA emerges from the right 
anterior sinus of Valsalva and along with the right 
atrioventricular sulcus provides two branches: the 
conus arteriosus branch and the right atrial 
branches. The conus artery and the communicat-
ing arteries from the IVS are a significant collat-
eral blood supply to the LV, anterior regions and 
anterior two-thirds of the IVS.  The right atrial 

branch gives the SA nodal artery in 50–73% of 
population [64, 66] and runs along the anterior 
RA to the SVC, surrounding the vessels prior to 
getting the SA node. Before the RCA gets to the 
AV groove, it gives some branches to the RA and 
RV, including the right marginal branch, which 
supplies the right margin of the heart [7, 17].

Further, RCA goes along with the sulcus pos-
teriorly until it arrives at the crux cordis [48]. It 
branches downward to form the posterior inter-
ventricular (descending) artery in the posterior 
interventricular sulcus. It supplies the posterior 
free wall of the RV and in 85–90% branches into 
smaller arteries (posterior septal arteries) to sup-
ply the distal one third of the IVS [64]. The AV 
nodal artery runs anteriorly to the base of the 
atrial septum and supplies the AV node (50–60% 
of hearts), the proximal part of the bundles of 
His, and parts of the posterior IVS [7, 17].
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Fig. 2.28  Objective segmentation of the human sinus 
node and its paranodal area. This figure demonstrates high 
resolution (28 × 28 × 28 μm3) micro-CT data from part of 
the right atrium containing the sinus node. The extent of 
the sinus node and its paranodal area is outlined in short-
axis (a–c) and long-axis (d) micro-CT images. (e) Volume 
rendering (endocardial view) showing objective segmen-
tation of the low pixel values corresponding to the body 
of the sinus node in dark blue; pixel values corresponding 

to the paranodal area are shown in turquoise. The plane 
of section in a-c is shown on the 3D volume rendering 
(f). Arrows indicate the approximate seed point for the 
objective segmentation of the sinus node. Sinus node 
body length = 14.8 mm, width = 4.3 mm. The sections are 
available to view without the outlines in the supplemen-
tary Fig. S2. CT terminal crest, SN sinus node. From [72]. 
It is an open access article
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The venous circulation of heart is separated 
into three systems: (1) the cardiac venous tribu-
taries forming the coronary sinus, (2) the anterior 
cardiac veins (anterior right ventricular), and (3) 
the smallest cardiac (Thebesian) venous system. 
The satellite venous system, formed by the great, 
middle and posterior (small) cardiac veins, con-
verge to form the coronary sinus and drain 49% 
of myocardial blood [7, 64].

2.8	 �Myoarchitecture of Right 
Heart

In fact, the helical structure of human heart was 
described from 500 years by Francisco Torrent-
Guasp who described the ventricular wall as a 

“single myocardial band twisted on itself to form 
an oblique apical and a transverse basal loop”, 
that is nowadays defined as “double helical myo-
cardial architecture” [77–79].

The microstructure of the atrial tissue is impor-
tant in the electrical activation [80]. Based on his-
tological studies, micro-CT studies, or diffusion 
tensor magnetic resonance imaging (DT-MRI), 
[81] developed a new atrial model that improves 
their previous 3D model of the human atria 
(Fig.  2.32) [81]. It seems that their new model 
RIUNET has amplified anatomical and functional 
heterogeneity and detailed regional description of 
fibre direction [81]. Based on the histological anal-
ysis, the model was manually separated into 21 
regions. Though, some areas were further divided 
into a total of 53 sub-regions (Fig. 2.32) [81].

a c

b d

e

Fig. 2.29  The human atrioventricular conduction axis 
resolved by micro-CT.  This figure demonstrates high 
resolution (73  ×  73  ×  73  μm3) micro-CT data from a 
whole human heart. It shows the 3D extent and location 
of the segmented atrioventricular conduction axis across 
the upper surface of the interventricular septum (e). The 
viewpoint in e is from the atria, looking down into the 
ventricular chambers. Illustrative long-axis sections from 
the micro-CT dataset and from corresponding histological 
sections show the compact node in the right atrium proxi-
mally and inferiorly (a, c), becoming the penetrating bun-
dle (b, d), and extending anteriorly and slightly rostrally 

to become the branching bundle (e). The plane of section 
in c and d is shown on the 3D volume rendering (e). The 
sections are available to view without the outlines in the 
supplementary Fig. S3. Atrioventricular conduction axis 
colour coding in panel e; turquoise inferior nodal exten-
sion, red compact node, blue penetrating bundle, green 
branching bundle, purple dead-end tract. CFB central 
fibrous body, CN compact node, IAS interatrial septum, 
IVS interventricular septum, LV left ventricle, PB pene-
trating bundle, RV right ventricle, RVOT right ventricular 
outflow tract. From [72]. It is an open access article
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a c

b d

Fig. 2.30  Segmentation of the right bundle branch. The 
high resolution (73 × 73 × 73 μm3) micro-CT data from 
the whole human heart, showing the 3D extent and posi-
tion of the segmented right bundle branch (red in panel 
d) on the lateral aspect of the interventricular septum (c, 
d), as viewed from within the right ventricular cavity. 
Illustrative long-axis micro-CT sections showing the prox-
imal (a) and distal (b) aspects of the right bundle branch. 

From the view in (d) a part of the so-called dead-end tract 
at the anterior/rostral extent of the atrioventricular con-
duction axis can be identified (purple). The position of the 
cross-sections (a, b) are shown in the 3D volume render-
ing in (c). Ao aortic root, AVCA atrioventricular conduc-
tion axis, CS coronary sinus, IVS interventricular septum, 
MS membranous septum, RBB right bundle branch. From 
[72]. It is an open access article
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Fig. 2.31  Relationship of the coronary arteries and veins to the ventricular outflow tracts. RVOT right ventricular out-
flow tract, SVC superior vena cava. From [67] with permission
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On the other hand Pashakhanloo et al [82] col-
lected data from 8 human atrial hearts specimen 
ex-vivo using a 3-dimensional diffusion tensor 
magnetic resonance imaging sequence on a clini-
cal scanner that makes it possible to image an 
entire intact human heart specimen ex vivo at sub-
millimeter resolution (Fig. 2.33) [82]. To sum up, 
the high resolution and reliability of this data could 
increase our knowledge of structural supports to 
atrial rhythm and pump disorders and lead to 
improvements in their targeted treatment [81, 82].

Presently, it is well established that LV con-
tains three layers (superficial/epicardial, middle, 
and deep/subendocardial), and RV comprises 
only two layers (superficial/epicardial and deep/
subendocardial) [83]. To reiterate, the LV wall 
comprises superficially/epicardial myofibers 
with oblique course, middle myofibers with 
mainly circular course, and deep/subendocar-
dium myofibers with longitudinal course. On the 
other hand, the LV wall is thicker and myocardial 

fibers have helical course in a continuous 
sequence between the subepicardium and suben-
docardium. Normally, the subepicardial and sub-
endocardial myofibres give the longitudinal 
contraction of the LV and the middle layer of 
myofibres gives the circumferential contraction 
of the LV [83]. For the LV, the middle circumfer-
ential constrictor myofibers decrease its diameter 
during LV ejection. In brief, the subendocardium 
layer has right handed alignment and the subepi-
cardium layer has a left-handed direction from 
apex to base [84, 85]. Additionally, the contrac-
tion of superficial oblique myofibers shortens 
LV. Finally, the rotation of LV apex comparative 
to the base finalizes LV ejection [86]. Because 
the myocardial geometry has a helical pattern, 
during systole epicardial myofibres will rotate 
the base in a clockwise direction and the apex in 
a counterclockwise direction, whereas the suben-
docardial myofibers will rotate the LV apex and 
base in reverse directions ([83]).
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Fig. 2.32  Properties of the 3D atrial model. Row (1) show 
in colours the division in 21 atrial regions; Row (2) shows 
preferential conduction bundles; Row (3) shows principal 

fibre direction; Columns correspond to (a) Frontal view; 
(b) rear view; (c) inferior view; and (d) right lateral view. 
From [81]. It is an open access article
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The myocardium of RV ventricular wall has 
an intricate three-dimensional network of 
myocytes in a matrix of fibrous tissue (see 
Fig. 2.34) [50, 86, 87].

Firstly, the superficial/epicardial myofibers 
are disposed circumferentially (more than 
those of the LV) in the subepicardium with a 
parallel course to the atrioventricular groove 
surrounding/encircling the subpulmonary 
infundibulum and deeper subendocardial lon-
gitudinal myofibers. Secondly, the subendocar-
dial myofibers contain longitudinal fibres 
“which pass through the vortices toward papil-
lary muscles to the AV orifices and the arterial 
orifices, and to the IVS” [83]. Further, the 

superficial myofibers has a spiral fold inward 
at the RV apex to shape the deep/subendocar-
dial myofibers that are lined up longitudinally 
toward the base. On the whole, the thin RV 
wall has mainly myofibers with circumferen-
tial and longitudinal courses. The deep longitu-
dinally layer is disposed from apex to base, 
allowing only the longitudinal shortening [49]. 
Longitudinal fibers contract to result in inward/
radial thickening. The septal motion is consid-
ered to contribute to both LV and RV function 
[88, 89] and is a major determinant of overall 
RV performance [88–90]. The IVS is created 
only by helical fibers that represents ≤40% of 
the ventricular muscle mass [91].
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Fig. 2.33  Acquired geometry and fiber visualization 
results in human atria specimens. Left, Atrial geometry. 
(a) Short-axis view of a nondiffusion-weighted image 
(b0) with superimposed segmentation of left atrium 
(LA red), right atrium (RA blue), and interatrial bundles 
(green). Fat tissue surrounding the atria is excluded from 
the segmentation. (b) Anterior view of left and right atria 
created from T1-weighted images; the dark grey volume 
represents lumen. Right, Fiber visualization using tractog-
raphy. (c) Posterior view of atrial roof. (d) Anterior view. 

(e) Inferior and left lateral views. (f) View of right atrium. 
Color encodes the local distance to the endocardial shell: 
yellow is the endocardial layer, and red is the epicardial 
layer. BB indicates Bachman bundle, IVC inferior vena 
cava, LAA left atrial appendage, LIPV left inferior pulmo-
nary vein, LSPV left superior pulmonary vein, MV mitral 
valve, RAA right atrial appendage, RIPV right inferior pul-
monary vein, RSPV right superior pulmonary vein, SVC 
superior vena cava, and TV tricuspid valve. From [82] 
with permission
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2.9	 �Computational Cardiac 
Modelling and Anatomy

The history of modelling for knowing cardiac 
anatomy, physiology and mechanics has a long 
history back to Woods [92]. Since work of Woods 
[92], modelling has developed for understanding 
the basic anatomical and physiological problems. 
As in Fig. 2.35, the multiscale anatomy and phys-
iology of the heart play an essential role to car-
diac function [95, 96].

Fig. 2.34  Dissection specimens of the intact heart (left), 
and the unwrapped free wall that surrounds the underlying 
septum (right). The upper image shows the helical heart 
model, and mirrors the dissected ventricle are shown 

below. The ascending segment fibers (Asc) cover the right 
side of the septum. The basal loop is shown, and formed 
by a right segment (RS) and left segment (LS). From [50] 
with permission

Poromechanical Modeling

Recently, the team of Chabiniok et al [95], 
applied poromechanical modelling to the 
heart, based on the facts of experimental 
remarks that disclosed significant addi-
tional features [95]. For instance, porome-
chanical modelling to the heart revealed 
that cardiac tissue exhibits powerful aniso-
tropic swelling and stiffening effects under 
perfusion pressure [97], same to skeletal 
muscle [98].
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Also, a dynamic heart shows important cou-
pling effects like the established obstruction flow 
phenomenon taking place during cardiac systole 
[99]. On the other hand, heart perfusion is also 
highly categorized with a blood flow in areas of 

tissue supplied by particular bigger arteries [100]. 
To study this aspect, [95], coupled the flow from 
larger arteries to a distal poromechanical tissue 
model producing a multiscale depiction that 

PV

AV
a

e

b

c

d

MV

LV

cleavage planes

laminar sheets

coronaries
myocytes

nucleus

sarcomeres

Mito.

myofibrils

nucleus

Z-dises

ECM
collagen

RV

fibre
angle

1 cm

1 mm

100 µm

10 µm

5 µm

Fig. 2.35  Illustrative representation of multiscale cardiac 
anatomy. (a) Geometric representation of the biventricular 
anatomy of the heart with streamlines illustrating its fibre 
architecture, (b) tissue block illustrating the laminar struc-
ture of the heart comprising fibre bundles arranged into 
sheets separated by cleavage planes, (c) local structural 
arrangement of myocytes and coronary capillaries, (d) 3D 

view of the cardiomyocyte cut to view internal structures 
(data courtesy of Dr Rajagopal and Dr Soeller [93, 94]), 
(e) anatomy of the cell illustrating nucleus, myofibres 
(comprising crossbridges) and mitochondria. RV right 
ventricle, LV left ventricle, PV pulmonary valve, AV aortic 
valve, MV mitral valve,  ECM extracellular matrix, Mito. 
mitochondria. From [95]. It is an open access article
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explains the spreading of inflow sites (see Fig. 2.36) 
[95, 101].

�Conclusions

Without a doubt, the RV and the LV are differ-
ent in their anatomy and physiology. Moreover, 
morphologically and functionally, both ven-
tricles are comprehensible linked not only in 
health but also as they react to disease [8].

The better knowledge of the anatomy and 
physiology of the septum and RV free wall will 
provide techniques for treating RV dysplasia, 
RV failure due to pulmonary regurgitation, RV 
dysfunction after cardiac transplantation, and 
some right-sided congenital defects that 
involve LV function. Also, it is compulsory to 
improve and develop methods that prevent 
septal injury during cardiac surgery [102].

Understanding the image features of the 
human heart acquired by histological studies, 
echocardiography, CT, micro-CT studies, or 

diffusion tensor magnetic resonance imaging 
(DT-MRI) has a very important role in the cor-
rectness of anatomically outlining of the car-
diac features, especially those associated to 
the conduction system. Studying classic anat-
omy of the heart on cadaveric samplings is a 
requirement to know what imaging investiga-
tions brings for the study of RV anatomy and 
physiology [12].
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Abstract

The present chapter attempts a detailed yet 
comprehensive account of the exceedingly 
complex molecular events involved in heart 
development, including description of the 
main differentiation signaling pathways, tran-
scription factors, enhancers and gene regula-
tory networks, with a special emphasis on 
applying this continuously enlarging body of 
modern scientific knowledge to the field of 
stem cell differentiation into cardiomyocytes 
for diagnostic and therapeutic applications. 
MicroRNAs are also emerging as an important 
area of discovery aiming to revolutionize cur-
rent therapies in cardiology, therefore we 
describe their involvement in cardiogenesis, 
proliferation/apoptosis, angiogenesis, fibrosis 
and hypertrophy. After reviewing the architec-
tural organization, ultrastructure details and 
functional compartments of cardiomyocytes 
derived from in  vitro and in  vivo studies, we 
focus on molecular mechanisms involved in 

cardiac hypertrophy and fibrosis, particularly 
on calcium signaling events triggering these 
excessive adaptive responses. Further, we 
stress the embryogenetic and molecular differ-
ences between the right and left ventricle, as 
well as their pathophysiology specificities and 
clinical consequences.
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3.1	 �Introduction

The right myocardium is a territory with dis-
tinct embryogenetic origins, appeared relatively 
recently in phylogenesis, in association with 
conquest of land by animal species and adap-
tation from aquatic to atmospheric breathing. 
Therefore it is subjected to several peculiarities 
concerning molecular mechanisms involved in 
its morphogenesis and differentiation, as well 
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as its structural organization and functional fea-
tures. These differences are particularly signifi-
cant in pathological states, such as response to 
pressure or volume overload: the right ventricle 
is more susceptible to oxidative stress, featuring 
less developed mechanisms for reactive oxygen 
species scavenging, has a less robust neoangio-
genetic response to hemodynamic stress, and is 
more prone to cardiomyocyte apoptosis com-
pared to the left ventricle. The coronary blood 
flow of the right ventricle occurs predominantly 
during systole, due to a milder pressure regime 
and lower intraparietal tension, compared to the 
left ventricle, where it occurs predominantly dur-
ing diastole. This reduced pressure regime and 
lower vascular resistance in the pulmonary circu-
lation also explains why the right ventricle aver-
age workload is fivefold lower compared to the 
left ventricle workload, resulting in lower oxygen 
consumption and metabolic stress. Such pecu-
liarities are extremely important for their clinical 
and therapeutic consequences, given the specific 
pathologies leading to right ventricular hypetro-
phy and right ventricular failure: congenital heart 
defects with left—right hemodynamic shunt, 
pulmonary artery stenosis, right heart valvulopa-
thies, other causes of primary pulmonary hyper-
tension, right ventricular myocardial infarction, 
or rare genetic disorders such as arrhythmogenic 
right ventricular dysplasia (ARVD).

3.2	 �Developmental Insights

Cardiomyocyte differentiation is a complex step-
wise process controlled via alternating activation 
and interplay of multiple signaling pathways and 
gene regulatory networks. We start with a brief 
presentation of the most important ones.

Wnt1 and β-catenin are the orthologs of 
Drosophila melanogaster genes Wingless and 
armadillo, required for cardiac specification 
briefly after gastrulation, via a mechanism inde-
pendent from Wingless-induced neural segmen-
tation. Wnt ligands are involved in a large variety 
of embryogenetic processes including anterior-
posterior axis formation, primitive streak for-
mation, mesoderm and ectoderm patterning, 
Hensen node formation (driven mainly by Wnt3 

gradients), epithelial-to-mesenchymal transition, 
and multiple lineage specification. A canonical 
or β-catenin-related Wnt pathway is activated 
by ligands Wnt1,2,3A,8A,8B,8C,10A,10B, and 
can be mimicked by small molecule inhibitors 
of glycogen synthase kinase 3β (GSK3β) like 
BIO, LiCl, or the widely used synthetic inhibi-
tor CHIR99021. Another natural inhibitor of the 
canonical Wnt pathway widely used earlier in 
cardiomyocyte differentiation protocols is solu-
ble Dickkopf1 (Dkk1), shown to act by isolating 
LRP6 (low density lipoprotein receptor-related 
protein 6), a key component of the LRP5/LRP6/
Frizzled co-receptor involved in activation of the 
canonical pathway, in parallel with reduction of 
β-catenin and an increase in Oct4 expression. 
The non-canonical Wnt pathways are planar 
cell polarity and Wnt/Ca2+, activated by non-
canonical ligands Wnt4,5A,5B,6,7A,7B,11. Wnt/
β-catenin is indispensible for posterior streak 
mesoderm induction and initial commitment of 
pluripotent stem cells (PSCs) to cardiomyocytes, 
but generally it is involved in both mesoderm and 
endoderm formation. Wnt3A is activated via the 
PI3K/Akt pathway and promotes cardiopoiesis, 
while PI3K inhibition triggers GSK3β-induced 
β-catenin degradation. Another target of Wnt/β--
catenin signaling is brachyury (T), an important 
transcription factor (TF) for mesoderm develop-
ment and patterning. The T gene promoter fea-
tures Wnt responsive elements, and is expressed 
in the mesoderm, primitive (Hensen) node, noto-
chord and notochordal plate during gastrulation. 
T upregulates in turn Wnt3A, FGF8 (fibroblast 
growth factor) and AXIN2  in embryonic stem 
cells (ESC). After mesoderm induction, further 
cardiomyocytes differentiation requires suppres-
sion of canonical Wnt pathway.

Bone morphogenetic (BMP) pathway 
involves a superfamily of short range morpho-
gens (BMP2,4,5-8) acting as TGF-β (trans-
forming growth factor) ligands, that disrupt 
ESC self-renewal and induce differentiation. 
They result in activation of Smad-1, -5, and -8, 
and all these form complexes with Smad-4 req-
ired for transcriptional activation upon nuclear 
translocation. Competition for Smad-4 gener-
ates cross-talk with other signaling pathways, 
like Nodal/activin. Inhibition of BMP signaling 
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by Noggin induces neuroectoderm formation. 
Treatment with BMP-2 and FGF-4 results in 
cardiogenic induction in non-precardiac meso-
derm cells and promotes cell survival and pro-
liferation. Combinatorial co-culture experiments 
showed that only stage 6 anterior lateral plate 
endoderm (LPE) induces cardiac differentiation 
of the anterior lateral plate mesoderm (LPM), 
uner the action of BMPs, activin A, FGFs and 
vitamin A, while stage 4–5 anterior LPE and cen-
tral endoderm induce non-cardiogenic posterior 
primitive streak cells to cardiomyocytes. The 
LPM consists of primary and secondary heart 
field progenitors, with defined spatial boundar-
ies. The primary heart field forms the primary 
heart tube that generates the right and left atria, 
the left ventricle, atriovenous inflow tract and 
atrioventricular canal, while the secondary heart 
field generates the right ventricle, the ventricular 
outflow tract, and the smooth muscle cells con-
necting to the aorta and pulmonary artery trunk. 
Inhibition of BMP signaling promotes secondary 
heart field expansion. Asymmetrical BMP activ-
ity leads to Smad1 activation only on the right 
side of developing myocardium. BMP secre-
tion induces cardiac TFs like GATA4, Mef2C, 
Nkx2.5 via TGF-β-activated kinase 1 (TAK-1), 
or Tbx2/3 for heart and limb development. BMP-
Smad1 promotes the expression of Tbx20, but 
not of Tbx5 and MHC (myosin heavy chain), via 
non-canonical Smad-binding elements. In later 
stages of heart development, Wnt inhibition must 
be combined with BMP activation.

Nodal/activin is a signaling pathway essential 
for mesoderm patterning and lineage specifica-
tion. Smad-2 and -3 deletion leads to suppression 
of Nodal activity, resulting in impaired speci-
fication of axial mesendoderm, while Smad-4 
double knockouts lack anterior primitive streak 
patterning but feature heart formation. Smad-4 
induced activation of TGF-β via Smad-2/3 exerts 
antiproliferative and migratory effects. Beyond 
induction of anterior mesendoderm that further 
secretes cardiogenic factors, Nodal is directly 
involved in cardiac mesoderm formation, in syn-
ergy with FGF, reflected in expression of brachy-
ury (T) and Xbra. The Xbra2 promoter features 
common activin and FGF regulatory sites; thus, 
low FGF/activin concentrations upregulate Xbra 

expression, while high concentrations downregu-
late it via Goosecoid (Gsc), Mix.1 and Xotx2. 
hESC cardiac differentiation protocols usu-
ally include high concentrations (100 ng/ml) of 
Wnt3A and activin A, and fine modulation of 
mesoderm cardiogenic differentiation can be 
achieved by appropriate combinations of BMP4 
and activin A.

FGF (fibroblast growth factors) signal-
ing pathway involves the well-known MAPK 
(mitogen-activated protein kinase) pathway in 
hESCs, while PI3K preserves pluripotency by 
nuclear location of β-catenin. Generally, FGFs 
are involved in a large array of fate decisions 
in mesendoderm, mesoderm and endoderm. 
FGF-1, -4, and BMP-2, all required for cardiac 
differentiation, are secreted by endoderm in the 
vicinity of anterior LPM, but they can induce 
cardiogenesis even in remote regions, such as 
the posterior mesoderm. FGF-8 levels in endo-
derm beneath cardiogenic mesoderm are regu-
lated by the cardiac region of neural crests, and 
secreted FGF-8 induces transcription factors 
Nkx2.5 and Mef2C in BMP-2-exposed cells. 
Further, FGF-8 and BMP-2 promote cardio-
genesis in the secondary heart field. FGFs via 
FGFR2 induce Sox2, producing Wnt inhibition 
required for cardiogenesis.

Notch signaling, required for mesoderm dif-
ferentiation in somites, is upregulated by Wnt 
signaling along the canonical pathway via induc-
tion of Notch ligand Delta-like 1, and further 
transmits Wnt and BMP-related signals required 
for cardiac specification, including secreted 
Frizzled-related proteins.

Sonic hedgehog (Shh) signaling triggers 
somitic Smad-1 induction and responsiveness to 
BMP-2/-4 signaling, therefore cardiogenic vs. 
somitic differentiation requires Shh inhibition. 
However, Shh contributes transiently to forma-
tion of secondary heart field progenitors, there-
fore it is required for arterial pole development 
by the right side of the secondary heart field. The 
Shh agonist puromorphamine has been used for 
cardiogenic differentiation of the mesoderm in 
conjunction with inhibition of Wnt/β-catenin and 
Nodal pathways.

Retinoic acid acts upon binding to two dis-
tinct classes of nuclear receptors: retinoic acid 
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receptors (RARs) and retinoid X receptors 
(RXRs), both of them with an α, β, and γ iso-
form. RARs couple only all-trans-RA, while 
RXRs interact with both the trans and cis iso-
mers. Retinoic acid plays a role in development 
of the secondary heart field, that produces atrial 
heart cells, but it also contributes to proliferation 
of ventricular cells. It has been effectively used 
as a component of serum-containing supple-
ments required for reprogramming human car-
diac mesenchymal stem cells into cardiovascular 
precursors.

Progress in understanding the signaling path-
ways involved in cardiomyocytes differentiation 
led to development of increasingly sophisticated 
methods and protocols for obtaining in vitro car-
diomyocyte preparations starting from embryonic 
stem cells (ESC) and later from induced pluripo-
tent stem cells (iPSC). A first achievement was 
derivation of human ESC (hESC) from the inner 
cell mass of human blastocysts by James Thomson 
et al. in 1998 [1], followed shortly by the proof 
that embryoid bodies (EB) derived from hESC 
can generate beating functional cardiomyocytes 
[2, 3]. Further refinements allowed efficient car-
diomyocyte production from several hESC lines 
[4] and hESC differentiation into cardiomyocytes 
by co-culture with visceral endoderm-like cells 
(END2) [5]. Further, cardiomyocyte differentia-
tion from hESC-END2 co-cultures was improved 
by use of serum-free medium and ascorbic acid 
[6]. In 2007, Laflamme et al. obtained the first car-
diomyocyte differentiation from hESC cultured 
in monolayers by activin A and BMP4 treatments 
[7], while Burridge et  al. increased cardiomyo-
cytes yields by forced aggregation of hESC into 
uniform EB [8].

In 2006, Yamanaka and Takahashi reported 
the first reprogramming of mouse fibroblasts 
into iPSC that were further differentiated into 
beating cardiomyocytes [9], a huge achieve-
ment that is starting to revolutionize biomedical 
research and clinical therapies. Their original 
approach was based on retroviral transfection 
of 24 candidate pluripotency factors genes, of 
which only 4 were found to be essential for plu-
ripotent stem cell induction: Oct 3/4 (octamer-
binding transcription factor, encoded by Pou5f1), 

Sox2 (sex-determining region Y-box 2), Klf4 
(Kruppel-like factor 4), and the well-known 
protooncogene c-Myc (similar to myelocytoma-
tosis viral oncogene v-Myc, involved in chro-
mosome 8 translocations in Burkitt lymphoma 
patients, upregulated in a large variety of human 
cancers). Although impressive, this procedure 
resulted in low iPSC yields when applied to 
adult human fibroblasts (<0.01%), and required 
several weeks to achieve expandable iPSC colo-
nies [10]. The efficiency of pluripotency induc-
tion could be increased via several methods [11], 
like cell culture medium supplementing with 
vitamin C, exposure to hypoxia, removal of cell 
cycle control checkpoints by disrupting signal-
ing pathways involving tumor-suppressor protein 
p53 and INK4A, or expression of ESC-specific 
microRNAs. Switching the differentiated human 
cell source form fibroblasts to juvenile human 
keratinocytes resulted into an increase of effi-
ciency by two orders of magnitude and halving 
of the de-differentiation time, with the same 
set of pluripotency genes inserted by retroviral 
transfection [12]. Further studies have tested dif-
ferent combinations of pluripotency genes, e.g. 
by replacement of the highly oncogenic c-Myc 
and Klf4 with Lin28 and Nanog, and keeping the 
other two pluripotency factors as in the orginal 
formulation [13]. It was found that Klf4 transfec-
tion was sufficient to trigger endogenous Nanog 
expression, obviating the need to add this factor 
to the combination [14]. Other attempts were 
directed towards replacement of retroviral trans-
fection with less harmful methods, to avoid gene 
disruption or disregulation upon random inser-
tion of retroviral transcripts into the host cell 
genome. Thus, Okita et al. were able to generate 
mouse iPSC using retrovirus/adenovirus vectors 
or virus-free plasmid transfection under a con-
stitutively active CAG promoter, although with 
lower efficiency [15]. Chang et al. used a polycis-
tronic excisable self-inactivating lentiviral con-
struct with a loxP site in a truncated 3′LTR (long 
terminal repeat), that could be almost completely 
removed from the genome upon exogenous Cre 
transfection [16]. Other viral vectors that do not 
result in genome incorporation, such as adenovi-
ruses or modified Sendai viruses, have also been 

B. Amuzescu and H. Maniu



61

used for reprogramming with good results, and 
are nowadays commercially available. Another 
interesting reprogramming tool is a doxycycline-
inducible excisable piggyBac transposon system, 
requiring only inverted LTRs flanking the con-
struct and transient expression of a transposase 
to exert insertion or excision events [17, 18]. 
An alternate reprogramming method relies on 
overexpression of the miR-302 microRNA up 
to 1.3-fold the levels in human ESC, resulting 
in cosuppression of four epigenetic regulators: 
AOF 1 and 2, MeCP1-p66 and MeCP2 [19]. Yet 
other attempts succeeded iPSC induction with 
only two of the four pluripotency factors (Oct4 
and Sox2), in combination with valproate acting 
as deacetylase inhibitor [20], or even with Oct4 
alone in combination with small molecules [21].

An even more painstaking process is iPSC dif-
ferentiation into cardiomyocytes. This requires a 
multistage protocol recapitulating natural car-
diomyocyte differentiation occurring during 
embyogenesis, composed of the following steps 
(each featuring several specific cell markers): 
mesoderm induction (markers: mouse Brachyury 
homologue or T, FoxC1, DKK1), formation of 
cardiogenic mesoderm (markers: Mesp1, Isl1, 
Kdr or VEGFR2), cardiac mesoderm (markers: 
Nkx2.5, GATA4, Tbx5, Mef2C, Hand1/2), and 
cardiomyocyte differentiation (markers: ACTN1, 
MYH6, TNNT2) [22]. In vitro approaches 
attempt to mimick embryonic signaling pathways 
involved in mesoderm induction: Wnt, BMP, 
Nodal/activin, FGF, followed by cardiac specifi-
cation with inhibition of Wnt, BMP and TGF-β 
pathways [23]. Cell culture methods for ESC or 
iPSC differentiation into cardiomyocytes have 
evolved from embryoid body formation-based 
methods to co-culture based methods, monolayer 
culture based methods, up to large-scale pro-
duction methods using suspension cultures and 
directed differentiation into cardiac subtypes [24]. 
Burridge et  al. described recently an effective 
method for patient-derived cardiomyocyte gen-
eration starting from skin fibroblasts or periph-
eral blood mononuclear cells using chemically 
defined media and synthetic matrices [23]. They 
found that the complex B27 supplement added 
to RPMI1640 chemically defined cell culture 

medium, initially used for culture of hippocam-
pal neurons, containing 21 components, many of 
them of animal origin, can be reliably replaced 
by a mixture of only three components: RPMI 
1640 medium supplemented with l-ascorbic 
acid 2-phosphate and rice-derived recombinant 
human albumin. Using such in vitro differentia-
tion methods results in heterogeneous and phe-
notypically diverse cell populations, containing 
10–15% cardiomyocytes on the average [25]. 
These preparations can be further enriched to 
>95% cardiomyocytes using antibiotic resistance 
genes coupled to tissue-specific control regions 
(e.g. a blasticidin-resistance gene controlled by 
the heavy meromyosin chain MYH6 promoter) 
[26]. Other cardiomyocyte enrichment methods 
include glucose-free culture media containing 
lactate [27], and suspension cultures [28]. A wide 
variety of commercial human induced pluripotent 
stem cell-derived cardiomyocyte preparations 
from documented well-characterized donors 
are currently available for in vitro research pur-
poses, provided by companies such as: Cellular 
Dynamics International (Madison, WI: iCell® 
Cardiomyocytes and iCell® Cardiomyocytes2), 
Axiogenesis (Cologne, DE: Cor.4U®, VCor.4U™, 
MaturedCor.4U), Pluriomics (Leiden, NL: 
Pluricyte® Cardiomyocite Kit) (these two com-
panies merged into Ncardia), and ReproCell 
(Yokohama, JP: ReproCardio2).

We will further discuss the complex signaling 
pahways and gene regulatory networks involved 
in cardiogenesis. A recent study [29] describes 
identification of the embryonic anterior intestinal 
portal (AIP—the edge of the endoderm groove 
that precedes formation of the foregut) as a 
heart organizer, i.e. a part of the embryo capa-
ble to induce and pattern adjacent tissue, even 
if excised and heterotopically transplanted. To 
date only a few embryo organizers were known: 
Hensen’s node, inducing and patterning the cen-
tral nervous system (the amniote equivalent of 
the amphibian dorsal lip of the blastopore, the 
first organizer discovered in 1924), the notochord 
and floor plate (organizing different sets of neu-
rons along the neural tube), the zone of polarizing 
activity (the caudal edge of limb buds, organiz-
ing limb skeletal elements including the fingers), 
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and the midbrain-hindbrain isthmus (organizing 
the midbrain-tectum and hindbrain-cerebellum). 
Experimental approaches started with identifica-
tion of a gene signature of organizers, via differ-
ential microarray profiling of RNA extracts form 
Hensen’s node vs. posterior primitive streak, 
notochord vs. dorsal neural tube, and posterior vs. 
anterior upper limb bud edge, resulting in a gene 
set of 31 enriched transcripts and 17 depleted 
transcripts. The AIP of chick embryos at dif-
ferent developmental stages showed differential 
expression of 35 of the 48 genes of the organizer 
gene set (20 enriched and 15 depleted), including 
NRP1, FBLN7, KIRREL3, and VTN.  Further, 
the organizing effect of AIP was tested on a par-
axial mesoderm region adjacent to Hensen’s node 
(dubbed region #3) that does not contribute to 
heart when grafted homotopically. In this region 
AIP was able to induce early cardiac markers like 
GATA4, Nkx2.5, Tbx5, Isl1, Mef2C, as well as to 
induce markers of ventricular identity (MYH15, 
IRX4, NPPB, GJA5) and to suppress markers of 
atrial identity. AIP from transgenic green fluo-
rescent protein-expressing donors grafted over 
the cardiogenic mesoderm extended ventricular 
specification posteriorly into the atrial region, 
with ventricular marker IRX4 repressing atrial 
marker AMHC1.

Efforts have been spent to identify the tran-
scription factors involved in heart development, 
as well as their cofactors and DNA regulatory 
regions that control cardiac gene expression. 
Kathiriya et  al. describe several strategies used 
to identify cardiac transcription factors (TF): 
they can be searched either by evolutionary con-
servation, or by expression patterns, or by func-
tion in cardiovascular development [30]. Many 
molecular biology and genetics studies have 
been performed on Drosophila melanogaster 
embryonic development, therefore it makes per-
fect sense to search for mammalian orthologs of 
Drosophila genes involved in cardiac mesoderm 
specification and differentiation, as well as for 
paralogs across the genome once the sequence 
of a TF has been identified. One good example 
is identification of mouse Nkx2.5/Csx, a mam-
malian ortholog of Drosophila Tinman (initially 
named msh-2/NK4, involved in specification of 

heart and visceral muscles in the fruitfly), by low 
stringency hybridization [31]. Another example 
is identification of Hand2 using a phage library 
of mouse genome with a Hand1 hybridiza-
tion probe [32]. TF identification by expression 
patterns is illustrated by discovery of myocar-
din using an expressed sequence tags library 
screened for novel sequences specific for cardiac 
cDNA. Forward genetic screens based on cardio-
vascular system phenotypes led to identification 
of Gridlock/Hey2/Hrt2 TF starting from zebraf-
ish mutations induced by N-ethyl-N-nitrosourea 
[33]; the same TF was identified via homology 
screening starting from the bHLH (basic helix-
loop-helix) domain [34]. Other important issues 
in investigating TF roles in cardiac biology are 
related to the study of TF-TF protein interactions 
and TF-DNA binding elements. Thus, using can-
didate gene approaches or yeast 2-hybrid screen-
ing revealed TF-TF interactions between Tbx5 
and GATA4 [35] or Nkx2.5 [36]. Tbx5 exerts 
multiple roles in cardiogenesis, being expressed 
in developing atria, left ventricle, and conduction 
system. Although Tbx5 double knockout mice 
show defects in cardiac looping and left ven-
tricle hypoplasia accompanied by early embry-
onic death (E10.5) [36], ventricle-restricted Tbx5 
homozygous deletions result in unique mispat-
terned ventricle and death at E11.5  in mouse 
embryos [37]. Targeted Tbx5 deletion by a Cre/
loxP system with Cre expression under control 
of Mef2C anterior heart field enhancer and pro-
moter leads to lack of development of interven-
tricular septum, with normal lateral ventricular 
walls development and molecular specificity of 
right and left ventricles [37], while endocardium-
specific Tbx5 deletion leads to atrial septal defects 
without embryonic lethality [38]. TF affinity 
for DNA binding elements can be assessed via 
in vitro binding and electromobility shift assays; 
thus, a Tbx5-binding sequence could be identi-
fied by similarity to a Brachyury-binding motif 
[36, 39]. Enhancer elements are DNA regulatory 
sequences that accelerate assembly of general 
trascription factors of RNA polymerase II on the 
promoter sequence, located directly upstream 
the gene sequence, and help initiation of tran-
scription. For cardiovascular development they 
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are usually cis regulatory sequences, located 
upstream or downstream of the gene, identified 
via sequence conservation, chromatin features, 
or functional assays. Although developmental 
enhancer elements are active in several related 
types of tissue, their function is tightly linked with 
cell-type-specific TFs. Enhancers acting during 
early cardiac development show the strongest 
evolutionary conservation [40]. TF binding to 
enhancer cis regulatory elements leads to epigen-
etic changes that can be subsequently identified, 
such as histone-3 lysine 27 acetylation induced 
by p300 (H3K27ac) [40–42], or trimethylation 
(H3K27me3) of enhancers by polycomb repres-
sive complexes (PRC), or nucleosome depletion 
leading to DNAse-hypersensitive sites (DHS) 
preferentially cleaved by in vitro DNAse I treat-
ment [43, 44], or preferential access to formal-
dehyde or transposase, evidenced by FAIRE-seq 
(formaldehyde-assisted isolation of regulatory 
elements and sequencing) [45] or ATAC-seq  
(assay for transposase-accessible chromatin 
sequencing) [46]. Enhancer identification by reg-
ulatory function involves inserting a candidate 
enhancer sequence akin to a gene promoter cou-
pled to a reporter gene, via a construct inserted 
in isolated cells or transgene animals as a tran-
sient episome or integrated in the genome, e.g. 
identification of rat NPPA enhancer by transient 
transfection in cardiomyocytes [47–49]. A high-
throughput enhancer detection method is self-
transcribing active regulatory region sequencing 
(STARR-seq) [50]. Once enhancer activity for 
a reporter gene proved, there is still uncertainty 
about its role in modulating expression of its 
target gene in the natural genomic context, that 
requires in vivo functional testing. Another effi-
cient technique, chromosome conformation cap-
ture (3C), can directly prove physical contact of 
proximal or distal enhancers with promoters [51]. 
An important mechanism for TF activity is epi-
genetic priming, consisting in chromatin reorga-
nizing leading to changes in physical proximity 
between distant regulatory regions; these changes 
are developmentally modulated [52], and result 
in acquired permissive or occluded states propa-
gated through cellular generations, that allow or 
forbid transcription activation without persistent 

expression of TF [53, 54]. Epigenetic priming 
plays an important role in cardiac development 
and cardiomyocyte differentiation.

Unfortunately, none of these high-throughput 
sequencing methods is capable to identify all 
enhancers active in a tissue. He et al. identified 
by chromatin immunoprecipitation and high-
throughput sequencing (ChIP-seq) 13 genome 
regions co-occupied by a set of cardiac TF 
(GATA4, Nkx2.5, Tbx5, SRF, and Mef2A) and 
p300; of these, 7 regions regulated cardiac gene 
expression, indicating multiple TF occupancy of 
a region, a strategy that may lead to identifica-
tion of developmental enhancers distinct from 
p300-associated enhancers [55, 196]. Dupays 
and Mohun discuss the spatiotemporal regula-
tion of enhancers involved in cardiogenesis, 
emerging from wide-scale ChIP-seq experiments 
on different preparations, like distinct anatomic 
regions of embryonic or adult heart and car-
diac muscle cell lines, outlining a complex and 
highly dynamic TF expression in both develop-
ing and mature heart [56]. They highlight the role 
of distant enhancers in congenital heart defects 
(CHD), by far the most frequent type of birth 
defects, affecting around 10% of live newborns, 
that result largely from disregulation of cardiac 
TF controls. Wamstad et al. present an integrated 
view of enhancer dynamics during development, 
whereby lineage-specific TF and chromatin regu-
lators coordinate activation of distal enhancers, 
providing a tight control of tissue-specific gene 
expression programs [57]. In their model, pio-
neer transcription factors (P-TF) bind to enhanc-
ers, opening chromatin and priming the region 
for future activation. Subsequently, master TF 
responsible for cardiac lineage patterning bind 
to the same region, cis-activating transcription 
and meanwhile recruiting additional regulators, 
such as chromatin-modifying enzymes, archi-
tectural proteins like Mediator or cohesin and 
non-coding enhancer RNAs, all of them facili-
tating bridge formation between the enhancer 
region and promoters of target tissue-specific 
genes. Uosaki et  al. analyzed several publicly-
available gene expression databases containing 
microarray profiles for different devlopmental 
stages (from ealry embryonic to adult hearts), 
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identifying maturation stage-specific gene regu-
latory networks that include discrete sets of key 
TF and pathways activated or suppressed during 
cardiomyocyte maturation [58]. They performed 
a principal component analysis of 213 microar-
ray datasets, identifying specific regression lines 
for each maturation stage (early-, mid-, and 
late-embryonic, neonate, and adult), and studied 
variances proportions in each principal compo-
nent. Applying these methods to mouse induced-
pluripotent stem cell-derived cardiomyocytes, 
they proved that their maturation corresponds 
to a late embryonic stage with inactive peroxi-
some proliferator-activated receptors and active 
catenin beta-1. A similar multiple pricipal com-
ponent analysis and gene regulatory network 
analysis during mouse cardiogenesis was per-
formed by Parikh et al. as illustrated in Fig. 3.1 
[59]. Chen et al. analyzed an equally intriguing 
developmental phenomenon, the dedifferentia-
tion of adult mammalian cardiomyocytes to car-
diac progenitor cells during cardiac tissue repair, 
combining single-cell transcriptome and whole-
genome DNA methylome data to understand the 
intricacies of epigenomic reprogramming for 
their in vitro model [60].

3.3	 �miRNAs in Cardiogenesis, 
Angiogenesis, Fibrosis 
and Apoptosis

Beyond transcription factors, enhancers and 
promoters, non-coding RNAs (ncRNA), and 
particularly microRNAs (miRNA or miR) play 
important roles in regulation of gene expression 
that modulates cardiogenesis and other physio-
logical or pathophysiological processes involving 
the heart. This explains the apparent discrepancy 
between the small fraction of genome encoding 
proteins or transcription-regulating sequences 
(approximately 3%) and the fact that at least 75% 
of the genome is transcribed [61]. miRNAs rep-
resent short stretches of highly conserved non-
coding RNA, between 18 and 24 nucleotides in 
length, that are able to control gene expression 
primarily at messenger RNA (mRNA) level. They 
are derived from multi-hairpin primary miRNAs 
(pri-miRNAs), transcripts of hundreds of KB in 

length, that are cleaved by nuclear ribonucleases 
like Drosha (a Class 2 ribonuclease III enzyme) 
into preliminary miRNAs (pre-miRNAs), hairpins 
of 70–100 nucleotides in length. Pre-miRNAs 
leave the nucleus and are further processed by 
another ribonuclease, Dicer, that cuts the hairpin 
loop, leaving a double-stranded miRNA approxi-
mately 22 nucleotides in length. The strand with 
less stable 5′-end base pairing is stripped away 
and transferred to a transport protein named 
Argonaute 2 (Ago2), part of a RNA-induced 
silencing complex (RISC). The  argonaute protein 
within the RISC protects the mature miRNA from 
degradation and transports it to the mRNA target, 
where it exerts inhibitory effects on translation 
mainly by mRNA destabilization due to endonu-
clease function. mRNA targeting can be divergent 
(same miRNA acting on multiple mRNA targets), 
convergent (several miRNAs acting on the same 
mRNA sequence), or combinatorial (several miR-
NAs binding on different regions of the same 
mRNA). The total number of miRNA sequences 
known to date exceeds 2000, and they regulate 
the expression of approximately 30% of the genes 
[62]. Although the first miRNAs were discovered 
in 1993 in Caenorhabditis elegans [63, 64], their 
involvement in pathology was proved in 2002 
[65]. Beyond intracellular effects, circulating 
miRNAs have been detected in association with 
high-density lipoproteins or Ago2 in extravesicu-
lar complexes, or in microparticles, exosomes or 
apoptotic bodies [66].

miRNAs exert important roles in cardiomyo-
cyte development and control of proliferation/
apoptosis. A targeted knock-out of Dicer1  in 
embryonic cardiomyocytes via Cre expression 
coupled to Nkx2.5 resulted in double-outlet 
right-ventricle defect [67], while under cTnT-
Cre it led to embryonic lethality at E15.5 due 
to myocardial wall defects [68], and myocar-
dial inactivation with a MHC-Cre led to dilated 
cardiomyopathy [69]. Two miRNAs with key 
functions in cardiogenesis are miR-1 and miR-
133, encoded together in a bicistronic unit. In 
Drosophila, miR-1 controls the Notch1 receptor 
[70]. miR-1 inhibits the translation of TF Hand2, 
critical for venticular cardiomyocyte  develop-
ment [71], and modulates the insulin-like growth 
factor 1 pathway either by direct inhibition of 
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this factor and its receptor [72], or indirectly 
[73]. miR-133 inhibits cyclin D2 and serum 
response factor (SRF) [74]. miR-208a, 208b, 

and 499, encoded in the introns of myosin heavy 
chains genes, control the expression of myosin 
via several transcriptional repressors and Thrap1. 

−200
−160

−120

−80

−40

0

40

80

P
C

2
a

b

PC1

Hey2
Prrx2
Klf9

Nanog
Tbx20
Mef2c

Tbx5

Zeb1

Hey1 Mecp2

Hmga2
Meis1
Klf5

Tsc22d3

Zfp819
Zfp296
Foxc2
Twist1

Klf4
Zbtb16

Hoxb2
Nr4a1

Bhylhe40 Hoxa1

Snai2

Efv5

Sox7

Zfp521

Prox1

Aff2

Zfp319

Smad6

Rarb

Fli1

Isl1
Zeb2

Zfp936
Irx5
Irx8

Zbtb44

Prom6
Sox17

Klf2

Hoxd1

Creb3l2
Sox2
Gata5
Mixl1
Nr2f1
Terf1

Nkx2-5
Gata6
Hand2

Irf1

Tcf21
Zic2

Meis2
Nr5a2

HMgxb4
Relb
Amtl2

Hoxb1
Foxd4
Zfpm2
Cdx4

Sox6
Esrrg

TPou5f1

Pou3f1

Eomes Zic5

Zic3

Plagl1

DMrt1

Cdx2

Cdx1
Nkx1-2
Tbx2

−150 −100 −50 0 50 100 150 200

Mouse mESC R1

Mouse E7.5 whole embryo

Mouse E8.5 whole heart tissue

Mouse E9.5 LV

Mouse E12.5 LV

Mouse E12.5 RV

Mouse E14.5 LV

Mouse E14.5 RV

Mouse E18.5 LV

Mouse LV 3 days after birth

Mouse RV 3 days after birth

Mouse adult LV

Mouse adult RV

Mouse E18.5 RV

Mouse E9.5 RV

Fig. 3.1  (a) Multiple principal component analysis of 
microarray gene expression data for TF during mouse car-
diogenesis showing a spatio-temporal landscape; (b) A 
putative gene regulatory network containing 80 most dif-
ferentially expressed TF from mouse ESC to embryonic 

day E8.5 (reproduced with permission from Parikh et al. 
Signaling Pathways and Gene Regulatory Networks in 
Cardiomyocyte Differentiation, Tissue Eng. 2015, 
21(4):377–92, ©Mary Ann Liebert Inc)
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miRNAs 17–92 form a cluster that promotes car-
diac differentiation in the secondary heart field; 
their mutation leads to early postnatal death by 
double-outlet right ventricle and ventricular sep-
tal defects. Their transcription is promoted by 
BMP via SMADs. This miRNA cluster acts by 
direct repression of cardiac progenitor genes Isl1 
and Tbx1. Upregulation of Isl1 and Tbx1 inhibits 
cardiomyocyte differentiation, as encountered in 
miRNA 17–92 null embryos or BMP2/4 mutants, 
while miRNA 17–92 overexpression downregu-
lates Isl1 and Tbx1 [75]. The miRNA-15 family 
(miR-195, 15a and b, 16 and 497) inhibit cardio-
myocyte proliferation and induce apoptosis by tar-
geting Bcl2 [76]. In addition, miR-15 targets the 
ADP-ribosylation factor-like 2, a protective factor 
for cardiomyocyte mitochondria.  Hence, miR-15 
inhibition by locked nucleic acids was shown to 
rescue myocardium, reducing the size of infarc-
tion in a mouse model of ischemia/reperfusion 
[77]. Similarly, the miRNA 34 family, induced by 
myocardial infarction, promotes apoptosis. miR-
34a derepresses the cardio- and vasculoprotective 
deacetylase SIRT1 [78], and represses protein 
phosphatase 1 regulator (PNUTS), involved in 
DNA damage response and telomere shorten-
ing [79]. A miRNA with protective effects at 
myocardial level that was found to be upregu-
lated after cardiac stress is miR-214 [80]. miR-
214 has several targets, including cyclophilin D, 
Bim, and CaMKIIδ. Cyclophilin D modulates the 
mitochondrial permeability  transition pore (that 
opens during Ca2+ and oxidative damage-induced 
cell death independent of Bcl2 family pathway). 
Bim (or Bcl-2-like 11) is also a proapoptotic 
protein, member of the Bcl2 family, and Ca2+/
calmodulin-dependent protein kinase IIδ partici-
pates in cardiac hypetrophy. Bim is also targeted 
by miR-24, therefore miR-24 overexpression was 
able to reduce myocardial infarct size, decrease 
cardiomyocyte apoptosis in  vitro and in  vivo, 
and improve cardiac function post-myocardial 
infarction [81]. Similar antiapoptotic effects at 
cardiomyocyte level were featured by miR-20a 
[82]. Many other miRNAs were reported to influ-
ence cardiomyocyte proliferation and apopto-
sis, including miR-17-92, miR-320, miR-199a, 
miR-590, miR-98, -128, -142 [83, 84]. miR-320 

was shown to induce cardiomyocyte apoptosis 
via inhibition of the cardioprotective factor heat 
shock protein 20, while miR-98, miR-128, and 
miR-142 act by TGF-β repression, directly tar-
geting Tgfbr1 mRNA [85]. A complex interplay 
of miRNAs occurs in post-ischemia-reperfusion  
remodeling and in ischemic pre- and postcon-
ditioning [86–88]. A comprehensive review 
emphasizes the protective effects of miR-126, 
miR-210, miR-499, and miR-494, the later tar-
geting both pro-apoptotic genes such as SOCS6 
(supressor of cytokine signaling 6), PTEN (phos-
phatase and tensin homolog), ROCK1 (Rho-
associated coiled-coil containing protein kinase 
1), CaMKIIδ (Ca2+/calmodulin-dependent pro-
tein kinase II), and antiapoptotic genes like 
FGFR2 (fibroblast growth factor receptor 2), LIF 
(leukemia inhibitory factor), Api5 (apoptosis 
inhibitor 5), IGF1R (insulin-like growth factor 1 
receptor), FGF7 (fibroblast growth factor 7), sev-
eral of these genes in both groups acting along 
the PI3K/Akt pathway (phosphatidylinositol 
3′-kinase/Ak [mouse bred]  thymoma or protein 
phosphatase B), promoting cell survival [89]. Akt 
pathway activation in mesenchymal stem cells 
(MSC) upon miR-126 overexpression improves 
their paracrine secretion, resulting in enhanced 
cell repair after transplantation, but in MSC miR-
126 also controlls the Delta-like 4  Notch ligand, 
promoting ischemic angiogenesis [90].

Other miRNAs were shown to modulate 
neovascularization after myocardial infarction, 
particularly miR-92a, which targets integrin α5, 
preventing endothelial cell apoptosis that is essen-
tial for neovessel formation [91], and represses 
several vasculoprotective genes, such as SIRT1 
[92]. Many other miRNAs regulate angiogenesis 
[93], but their role in neovascularization post-
myocardial infarction has been tested for only a 
few of them [62]. Thus, miR-126 and the miR-
17-92 cluster, the expression of which is regulated 
by VEGF [94], regulate endothelial cell functions, 
miR-296 and -378 control tumor angiogenesis, 
miR-143 and -145 control neointima forma-
tion and atherosclerosis. Antagonists of miR-24 
(antagomirs) targeting GATA2, regulator of endo-
thelin-1 gene expression, and p21-activated kinase 
4, improved revascularization post-myocardial 
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infarction [95], and protected against transition 
from cardiac hypertrophy to decompensated heart 
failure [96]. The miR-15 family was also found to 
inhibit angiogenesis after myocardial or hind limb 
ischemia [77, 97].

In atherogenic regions, proinflammatory 
endothelial cells can be controlled by inhibition 
of proinflammatory molecules like vascular cell 
adhesion molecule (VCAM-1), E-selectin and 
NF-κB by miR-10a, or VCAM-1, ICAM-1, and 
E-selectin by miR-126, miR-181, miR-31, and 
miR-17-3p [98–100]. Two miRs involved in lipid 
metabolism (miR-33 and miR-122) can influ-
ence cholesterol deposition in the atheromatous 
plaque [66]. In the arterial intima, LDL uptake 
by macrophages and their inflammatory modu-
lation is controlled by miR-155 [101] and miR-
155a-5p [102], while vascular smooth muscle 
cell (VSMC) proliferation, marking transition 
from fatty streak to fibrous atheroma, is regu-
lated by MMP2 and 9 (matrix metalloproteinase) 
expression under the epigenetic control of miR-
29b [103]. miR-145 triggers reversion of transi-
tion of VSMC from a contractile to a secretory 
phenotype, therefore VSMC-specific miR-145 
overexpression markedly reduced plaque size in 
aortic sinuses and increased its collagen contents, 
representing a potential treatment for plaque sta-
bilizing and avoidance of plaque rupture [104].

Another exciting field of research is related 
to miR involvement in myocardial fibrosis. 
miR-21 was shown to exert a pro-fibrotic func-
tion [105], being upregulated after acute myo-
cardial infarction [106], therefore its block by 
antagomirs resulted in enhanced cardiac function 
[107]. However, miR-21 was also shown to pre-
vent cardiomyocyte cell death induced by exog-
enous hydrogen peroxide [108], pointing to its 
antiapoptotic role post-myocardial  infarction by 
targeting the proapoptotic factor ced4 (cell death 
4) and the activator protein 1 pathway [109]. The 
miR-29 family also act as antifibrotic factors, 
targeting multiple fibrillins, collagens, elastin 
[106, 110]; miR-29 expression is reduced post-
myocardial infarction and repressed by cardiac 
stressors, e.g. by aortic banding [111]. miR-101 
targets the c-fos and TGF-β1 signaling pathways, 
being downregulated at 4 weeks after acute myo-

cardial infarction; its overexpression resulted 
in inhibition of cardiac fibroblasts proliferation 
and collagen secretion [112]. Activation of car-
diac regeneration by enhanced cardiomyocyte 
proliferation and fibroblast reprogramming into 
functional cardiomyocytes under miR control is 
an attractive therapeutic approach in cardiology 
[113, 114]. Combined overexpression of several 
cardiac transcription factors, including GATA4, 
Mef2C, Tbx5, Hand2, resulted in direct fibroblast 
reprogramming into cardiomyocytes [115–117]. 
These pathways could be activated equally well 
by a combination of miRs, including miR-1, 
miR-133, miR-208, and miR-499, resulting in 
direct cardiomyocyte reprogramming of fibro-
blasts [118], similar to miR-induced fibroblast  
reprogramming into stem cells [119].

3.4	 �Cardiomyocyte Morphology 
and Ultrastructure

The heart consists of cardiomyocytes (CMC) that 
represent a dual contractile/conduction cell popu-
lation system. The myocardium, the muscle of 
the heart, consists of a three-dimensional arrange-
ment of columnar CMCs, or atrial and ventricular 
rod-shaped muscle cells (Fig. 3.2a), with one or 
two large centrally located nuclei surrounded by 
numerous mitochondria. The cytoplasm contains 
cross-striated myofibrils, glycogen granules and 
lipid droplets. CMCs have special intercalated 
disks—with longitudinal and circular arrange-
ment—that ensure a special networking of inter-
digitated connection between cardiomyocytes; 
they branch and their processes interdigitate with 
neighboring cardiomyocytes. The average dimen-
sions of a mammalian ventricular working car-
diomyocyte correspond to a cylindrical shape 
100 μm in length and 22 μm in diameter [120]. It 
is estimated that a mature ventricular CMC is 
connected to 11 or 12 other CMCs via 11.6 inter-
calated disks on the average [121]. The interca-
lated disc area contains (1) gap junctions—allowing 
cellular communication, (2) desmosomes—
ensuring the tight connection between discs 
(maculae adherens), and transverse (3) fasciae, 
adherent discs. CMCs are surrounded by a basal 
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Fig. 3.2  (a) Isolation of atrial and ventricular cardiomyo-
cytes from fresh human biopsies (magnification 40×). (b) 
CMC from both atrial and ventricular tissues include rod-
shaped atrial and ventricular cells (reproduced from Bird 

SD et  al. The human adult cardiomyocyte phenotype, 
Cardiovasc Res. 2003, 58(2):423–34, by permission of 
Oxford University Press)
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membrane attached to myocytes and forming the 
myofibers peripheral to interstitial fibroblasts, 
blood vessels and the extracellular matrix with a 
capillary network and intercellular junctions. 
Each CMC has a bundle of myofibrils divided 
longitudinally into contractile units or sarco-
meres, which consist of myofilaments of contrac-
tile proteins including actin and myosin [122]. 
The ultrastructure of a sarcomere was revealed 
mainly via transmission electron microscopy 
studies. The sarcomere is defined as the contrac-
tile myofilaments unit between two Z membranes 
(Z derives from the German term 
“Zwischenscheibe”), complex cytoskeletal pro-
teins scaffolds that connect the ends of thin 
(actin) filaments (Fig. 3.2b). The fibrillary actin 
filaments emerging from the two Z membranes of 
a sarcomere are intertwinned with thick myosin 
filaments, the centers of which form the so-called 
M line (from the German “Mittelscheibe”) at the 
center of the H zone (from the German term 
“helle”—light), the central light region, contain-
ing only myosin, of the anisotropic (A) or dark 
band of the sarcomere. The A band itself (except 
for the H zone) is composed of two areas of inter-
twinning between myosin and actin, while the 
adjacent isotropic (I) bands, crossed at the center 
by Z membranes, are formed only of actin fila-
ments. In the dark regions of the A band the S1 
heavy meromyosin heads (a meromyosin mole-
cule resembles a golf cross or a musical note, 
with a heavy meromyosin—HMM—head, and a 
light meromyosin—LMM—tail; HMM and 
LMM fragments are the result of trypsin diges-
tion) form crossbridges with actin, and during 
contraction hydrolysis of ATP bound to a specific 
site on the HMM head produces a conformational 
change with bending of the molecule head, that 
represents the contractile force-generating event. 
Subsequent to ATP hydrolysis and bending the 
affinity of the HMM head for actin decreases, the 
head unbinds from actin, binds a new ATP mole-
cule, and resumes its initial conformation, restart-
ing the cycle. The signal for contraction initiation 
is represented by an increase in intracellular cal-
cium concentration that results in unmasking of 
myosin binding sites on actin filaments (double-
helical filaments formed by monomeric globular 

or G-actin) that were previously masked by 
tropomyosin. Tropomyosin is removed from 
these myosin-binding sites and unmasks them 
under the action of trimeric troponin molecules. 
The 3 troponin subunits are T (required for 
anchoring on actin), C (containing 4 calcium 
binding sites represented by EF-hand motifs), 
and I (required for anchoring on tropomyosin). 
Apart from actin and myosin filaments, described 
in the classical microscopy studies of Hugh 
Huxley [123], the sarcomere contains ultrathin 
filaments of titin and nebulin. Electron micros-
copy studies on the conserved relative position of 
ultrathin N lines within I bands during muscle 
fiber contraction performed by Eremia in the 
1980s [124] led to a proposed complex intert-
winned architecture whereby ultrathin nebulin N 
filaments anchored with one end on a Z mem-
brane connect with actin filaments emerging 
from the opposite Z membrane of the sarcomere, 
while ultrathin titin filaments anchor myosin 
bundles to the Z membranes. This architecture 
would explain perfect intertwinning between 
actin and myosin filaments even during muscle 
fiber recovery from an extreme stretch [125], 
when the dark bands of intertwinning between 
actin and myosin disappear completely. In addi-
tion to this ordering role, ultrathin filaments may 
contribute to contractile strength upon ATP 
hydrolysis in the actin-myosin crossbridge-
forming region [126, 127]. The molecular com-
ponents of the Z membrane are attached to the 
extracellular matrix via structural proteins form-
ing a costamere (Fig. 3.3d, e). The structure and 
arrangement of myofibrils and sarcomeres in 
CMC is similar with those of striated muscle 
fibers. CMC cultures show a high level of 
α-sarcomeric actin, and the electron microscopy 
of CMC illustrates the abundance of mitochon-
dria and well-organized sarcomeric structures 
[128, 129]. The mitochondrial compartment 
occupies 26% of the total cell volume for an aver-
age ventricular CMC [130]. Atrial CMC are able 
to reduce water, sodium and adipose loads on the 
circulatory system, and thereby lower the blood 
pressure by producing atrial natriuretic peptides 
with vasodilator role. Another important struc-
ture for excitation-contraction coupling in CMC 
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is represented by diads, formed by junction 
between t tubules, protruding from the cell mem-
brane deep inside the myoplasm, and sarcoplas-

mic reticulum (SR) cisternae, constituting an 
internal calcium store. In turn, t (transverse) 
tubules are formed by longitudinal coalescence 
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Fig. 3.3  (a) Myocardial fiber orientation in right and left 
ventricle obtained from diffusion tensor MRI of a pig 
heart; (b) Helicoidal arrangement of bundled myofibers 
around the ventricles—simplified tractography with color 
scheme representing fiber orientations (reproduced with 
permission from Poveda F, Gil D, Marti E, Andaluz A, 
Ballester M, Carreras F. Helical Structure of the Cardiac 
Ventricular Anatomy Assessed by Diffusion Tensor 
Magnetic Resonance Imaging With Multiresolution 
Tractography. Rev Esp Cardiol. 2013;66(10):782–790. 
Copyright ©2013 Sociedad Española de Cardiologia. 
Published by Elsevier España, S.L. All rights reserved.) 

[157] (c) The myocardial fibers contribute to the direc-
tional contraction; they are arranged parallel with the long 
axis of the myocardium, and are separated from adjacent 
laminae by an extracellular collagen network; (d) 
Confocal microscopy image of a cardiomyocyte, with 
fluorescent markers for F-actin (green) and α-actinin 
(red); (e) Cardiac myofibril ultrastructure, with costamere 
integrins attaching the Z membranes to the extracellular 
matrix (reprinted from Adv Drug Deliv Rev. Vol. 96, 
Capulli et  al. Fibrous scaffolds for building hearts and 
heart parts, 83–102, [158], © 2016, with permission from 
Elsevier)
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of caveolae, the hairpin protein caveolin playing 
an important role in imposing membrane curva-
ture to these cellular subdomains [131, 132]. 
Cardiac t tubules, present only in mammalian 
myocardium and absent in other vertebrates, fea-
ture larger diameters (100–300 nm) compared to 
skeletal muscle t tubules (20–40 nm), and form a 
complex network with transverse and longitudi-
nal (axial) components, the extension of which is 
proportional to the heart rate of a particular spe-
cies [133]. Key signaling processes occur in the 
narrow diadic subspace between t tubules and SR 
cisternae during depolarization: the wave of 
depolarization propagated through the tubules 
from the cell membrane activates L-type Ca2+ 
channels (better known as dihydropyridine recep-
tors—DHPR), opening them and triggering local 
increases in calcium concentration that activate 
much larger Ca2+ releases from the SR via ryano-
dine receptors  (mainly RyR2  in myocardium), 
leading to a phenomenon known as “calcium 
sparks” [134–137]. In myocardium RyR activa-
tion occurs via local calcium concentration 
increase, while in skeletal muscle via direct 
mechanical coupling between DHPR and RyR 
channels (mainly RyR1). This peculiar type of 
calcium-activated calcium release that occurs in 
the diadic subspace, featuring a complex modula-
tion, results in systolic transient increases in cal-
cium concentration up to tens of micromol/liter, 
much larger than in the bulk myoplasm [138–
140]. This calcium overload requires large densi-
ties of calcium reuptake transporters such as Na+/
Ca2+ exchangers (NCX) or sarcoendoplasmic 
reticulum Ca2+ pumps (SERCA) in the junctional 
SR compared to NCX or plasmalemmal Ca2+ 
pumps (PMCA) densities on the cell membrane 
[141]. In fact several ion channels and transport-
ers show a preferential location on t tubules 
(DHPR, cardiac inward-rectifying K+ channels 
contributing IK1 current) [141, 142] or junctional 
SR.  An interesting phenomenon, from a thera-
peutic point of view, is the modulation of Ca2+ 
release and reuptake in the diadic subspace by 
β1-adrenergic receptors and M2 cholinergic 
receptors on the cell membrane, via adenylate 
cyclase—protein kinase A (PKA) activation and 
inhibition, respectively, resulting in phosphoryla-
tion changes of DHPR, RyR channels, and phos-

pholamban, which in turn modulates SERCA 
pumps [141], resulting in direct modulation of 
the myocardial contractile force. The SR com-
partment of a cardiomyocyte occupies on average 
7% of the cell volume [120, 143, 144]. Another 
interesting phenomenon with clinical conse-
quences that has revived recently the interest in 
studying the transverse-axial t tubule system is 
loss and disorganization of t tubules in heart fail-
ure, dilated and hypertrophic cardiomyopathies 
[133], as well as sheet-like remodeling of trans-
verse t tubule system in heart failure, which hin-
ders functional recovery in response to 
mechanical unloading by left ventricular assist 
devices (LVAD) [145].

3.4.1	 �The Human Adult CMC 
Phenotype Based on Cell 
Morphology

CMC morphology was assessed with phase 
contrast microscopy and indirect immunocyto-
chemistry. Bird et  al. described that after isola-
tion procedures, CMC provided a sub-population 
of rod-shaped atrial and ventricular myocytes 
that had sharply defined edges and distinctive 
sarcomeric bands (Fig.  3.2a, b). Rod-shaped 
cells showed sarcomeric proteins including 
α-actinin and light chain myosin filaments [146]. 
CMC shape is an indicator of internal orga-
nization and has functional consequences for 
excitation-contraction coupling, specifically for 
conduction velocity [147].

Viable adult cardiac myocytes cultured on 
plastic substrates exhibited after plating a par-
tial or complete loss of sarcomeric structure, 
although widespread amorphous staining of sar-
comeric markers including α -actinin, protein 
that stained for α-actinin and light chain myosin 
filaments and tropomyosin, was evident. Cell 
edges became rounded and remaining sarcomeres 
appeared disorganized. After 2–3 weeks of cell 
culture, the same group described that ventricu-
lar myocytes adopted two broad but slightly dis-
tinct flat cell morphologies. The first CMC-type 
(Type I) was characterized by flattened spread 
morphology and extended lamellipodia consisted 
of beaded stress-like fibers or nascent myofibrils 
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organized in parallel arrays. The second cell type 
(Type II) had well-formed sarcomeres radiating 
in a uniform direction and converging at the cell 
edges [146]. Hans Michael Piper et al. provided 
an original method for preserving cylindrical 
shape and myofibrillary contractile apparatus 
of dissociated cardiomyocytes during long-term 
cultures [148].

As in  vitro models, isolated organs and pri-
mary cells from rodents have been the standard 
in myocardial and CMC research—the animal 
model most extensively investigated—bet-
ter models are missing so far. Morphological 
and functional characterization underlines that 
these models might become a valuable tool for 
research on the morphology and ultrastructure 
mechanisms of normal and pathological CMC 
for future therapies in human medicine. Thus, 
CMC transplantation may prove to be an impor-
tant addition to the armamentarium against 
myocardial heart diseases. Transplantation of 
cardiomyocytes stimulated with vascular endo-
thelial growth factor (VEGF) induces angiogenic 
processes or myogenic properties that improve 
post-infarction heart function [149].

Cardiomyocytes, the working muscle cells of 
the heart, are terminally differentiated cells in the 
adult organism with limited regeneration pos-
sibilities. Therefore, ischemia and cardio-toxic 
compounds can lead to cell death or to an irre-
versible decline of cardiac function. According 
to the dogma postulated by Anversa and Kajstura 
[150], the number of muscle cells in the mamma-
lian heart is defined at birth, and in the absence of 
cardiac disease, these myocytes persist through-
out the life of an individual or animal. The inevi-
table implication of the dogma is that myocytes 
are immortal [150]. Actually, myocyte death 
occurs with aging, but the essential growing and 
differentiation processes start in the prenatal 
period: myocyte mitotic division and structural 
differentiation of the myocyte cytoplasm, involv-
ing the synthesis and organization of myofibrils 
and other cytoplasmic components occurs before 
birth [151, 152]. The expansion of cardiac mass 
postnatally is accomplished by increases in myo-
cyte size and number [153, 154].

The recognition that the heart is a self-
renewing organ offers novel approaches for the 
treatment of cardiac diseases. The discovery that 
CMC can be isolated from small cardiac biopsy 
specimens and can be expanded in vitro for sub-
sequent clinical use or autologous CMC trans-
plants may enable the reconstitution of dead or 
scarred myocardium. Moreover, the replacement 
of poorly functional or hypertrophied myocytes 
of the severely decompensated heart with new, 
younger, more powerful muscle cells may posi-
tively interfere with the onset of terminal heart 
failure and death [155].

The group of Beltrami et al. [156] challenges 
the dogma that the heart is a postmitotic organ. 
Myocyte proliferation may be a component of the 
growth reserve of the human heart; this mecha-
nism could replace damaged myocardium. The 
presence of cell division in the nondiseased part 
of the heart suggests a continuous turnover of 
cells during the lifespan of the organism. The 
belief that myocardial infarction constitutes the 
most obvious demonstration of the incapacity of 
ventricular myocytes to replicate must be recon-
sidered [156].

3.4.2	 �CMC Proliferation Capacity

During development, the proliferative capacity of 
CMC decreases, so that postnatally they reach a 
limited capacity to proliferate (~0.5% per year) 
[159]. A non-proliferative phenotype is consid-
ered an indication of terminal differentiation. 
As CMC transition to a non-proliferative state, 
many CMC become binucleated, and the pro-
portion of such binucleated cells in the heart is 
~25% at birth and remains consistent through 
to adulthood [159]. Gutstein et  al. [160] inves-
tigated whether the major cardiac gap junction 
protein connexin43 may be responsible for regu-
lating adherens junctions, desmosomes and their 
associated catenins, in terms of abundance and 
localization at the intercalated discs of cardiomy-
ocytes. The study provides direct evidence that 
cell adhesion junctions in the heart, comprised of 
adherens junctions and desmosomes, as well as 
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their associated catenins and vinculin, are orga-
nized independently of the gap junctions. In the 
absence of connexin43, as detected by immunob-
lotting and immunofluorescence, and the con-
sequent lack of gap junctions, the localization, 
abundance and morphology of adherens junc-
tions and desmosomes at the intercalated disc 
remained unchanged. Furthermore, the localiza-
tion of catenins associated with the intercalated 
disc junctions was unchanged, suggesting that 
decreases in connexin43 expression may not 
directly influence catenin-dependent signaling. 
In addition, structural proteins associated with 
the intercalated disc junctions and vinculin are 
also unchanged in their distribution despite the 
loss of connexin43. The results of this study sug-
gest that the gap junction is not necessary for the 
organization of the cell adhesion junctions and 
associated proteins in the cardiac intercalated 
disc. The authors have demonstrated normal cell 
adhesion junction distribution and morphology in 
the absence of gap junctions. However, for opti-
mal effect, transplanted cardiomyocytes must be 
integrated electrically as well as mechanically 
into the recipient heart [160].

A still widely used method to test the spon-
taneous, unrestricted differentiation capacity 
of human pluripotent stem cell lines into CMC 
was published by Kehat et  al. [3], showing the 
induction of beating cells in embryoid bodies 
(pluripotent stem cell aggregates primed for differ-
entiation) in 20% fetal-calf-serum-supplemented 
differentiation medium [3]. However, transla-
tion of respective protocols to routine large-scale 
production of CMC is hampered by high costs 
of recombinant growth factors supplementa-
tion. These high costs, as well as the need for 
chemically defined and thus GMP-compliant 
conditions, have spurred the search for alterna-
tives [161]. To more comprehensively quantify 
CMC content at typical differentiation endpoints 
between days 7–14 in vitro, the flow cytometry 
analysis of specific sarcomeric markers such as 
cardiac troponin, sarcomeric actinin and myosin 
heavy chain is generally accepted as cardiac dif-
ferentiation standard [162]. Functional charac-
teristics of human pluripotent stem cell-derived 

CMC include altered Ca2+ handling, low Ca2+ 
buffering capacity, low beat rates (~40  BPM), 
immature sarcoplasmic reticulum and action 
potential characteristics, abnormal levels of ion 
currents, negative force-frequency relationships, 
and abnormal expression of sarcoplasmic reticu-
lum proteins, all indicative of a fetal phenotype, 
but with physiological contractile function [163]. 
Kotov et  al. [164] demonstrate that in healthy 
Wistar rats aging is related to changes in myocar-
dial morphology. Age-related remodeling of the 
cardiac wall is related to cardiomyocyte hyper-
trophy and interstitial fibrosis. In physiological 
conditions, the bundles of CMCs are enveloped 
by thin layers of perimysium and endomysium. 
In the aging myocardium, transformation of the 
fibroblasts into myofibroblasts and accumulation 
of extracellular matrix proteins in the intersti-
tial space are observed. The authors of the study 
noted that collagen content increases as aging 
progresses, collagen fibers become thicker and 
acquire a complex spiral shape; this phenomenon 
became more pronounced, as aging progressed, 
in the myocardium of the left ventricle, which 
was attributed to the higher afterload exerted on 
the left ventricle and consequently, to the higher 
degree of injury suffered by the ventricle with 
progression to senescence. The spatial disposi-
tion of cardiac fiber bundles in the two ventricles 
and texture of collagen extracellular matrix are 
shown in Fig. 3.3a–c. In conclusion, aging of the 
myocardium is a dynamic process which involves 
progressive loss of cardiomyocytes due to necro-
sis and apoptosis, interstitial fibrosis and reactive 
hypertrophy of the remaining vital cardiomyo-
cytes [164]. Kuzmicic et  al. [167] reported in 
an electron microscopy study the evidence of a 
mitochondrial dynamic network, organized and 
interconnected in package structures arranged 
along the myofibrils in neonate cardiac myo-
cytes, and extended throughout the cytoplasm, 
distributed differently than in adults, with a mor-
phology more reminiscent of that observed in 
other noncardiac cells [165–167].

The group of Burlacu et  al. (2008) [128] 
designed experiments to test the effect of 5-aza-
cytidine on bone marrow stem cells in culture 

3  Molecular and Cellular Biology of the Right Heart



74

to commit myogenic differentiation; the signifi-
cant increase in the number of cells expressing 
α-sarcomeric actinin suggested enhanced myo-
genic differentiation. The capability of these cells 
to express cardiomyogenic markers was indica-
tive of enhanced cell differentiation towards 
a neonatal cardiac muscle phenotype induced 
by 5-azacytidine. The appearance of myogenic 
markers seems to be independent of 5-azacyti-
dine, but is enhanced by this agent, suggesting 
that 5-azacytidine promotes rather than induces 
the myogenic differentiation of bone marrow 
progenitors [128]. Examination of treated and 

untreated bone marrow stem cells (BMSC) by 
electron microscopy revealed that 5-azacytidine 
exposure induced an increase in the cytoskeleton 
elements and the appearance of parallel intracel-
lular filaments with intercalated mitochondria 
(Fig. 3.4a, b), somewhat reminiscent of the struc-
ture of CMC (Fig. 3.4b, d). Even in the absence 
of sarcomeric organization, the presence of 
orderly arranged filaments was observed only in 
5-azacytidine-treated BMSC.  All these features 
were not found in untreated cultured BMSC that 
retained their initial morphology, whereas some 
cells exhibited numerous vacuoles (Fig. 3.4b, c).
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Fig. 3.4  Cardiomyocyte differentiation of BMSC in vitro 
induced by 5-azacytidine. (a) Stro-1 expression in BMSC 
at 21 days in vitro (d.i.v.) evidenced by immunofluores-
cence and flow cytometry in control cultures (70% Stro-1-
positive cells, left panel) vs. 5-azacytidine-treated culture 
(no Stro-1-positive cells, right panel). (b) Transmission 
electron microscopy studies of BMSC at 21 d.i.v. a, b. 
Sarcomere-like parallel bands with intercalated mitochon-
dria induced by 5-azacytidine treatment. c. This pattern 

was absent in control BMSC, which presented instead 
cytoplasmic vacuoles. d. For comparison, normal sarco-
mere pattern in neonatal cardiomyocytes. (c) Increase in 
cytosolic free calcium induced by 5-azacytidine treat-
ment, evidenced by Fura-2-AM ratiometric calcium fluo-
rimetry (reprinted from Eur J Cell Biol. Vol. 87(3), 
Burlacu A, et al. Promoting effect of 5-azacytidine on the 
myogenic differentiation of bone marrow stromal cells, 
173–84, ©2008, with permission from Elsevier)
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Freshly isolated adult ventricular CMCs were 
studied by Liu [168]. However, these CMCs 
reached a plateau after 4 weeks in culture con-
comitantly with continuous increase in struc-
tural remodeling in long-term cultures. Temporal 
changes occurred in the morphology of single 
CMC in gridded long-culture dishes. In a cul-
ture with relatively high cell density, attached 
CMCs were rounded or maintained their origi-
nal rod shape, and in the first couple of weeks 
in culture adult ventricular CMCs were able to 
stretch the cell body with filopodia over 100 μm 
in length and underwent spontaneous changes in 
shape, characterized as possible remodeling or 
transformation processes. CMCs in culture over 
17–19  weeks still displayed high capacity of 
remodeling by stretching filopodia longitudinally 
concomitant with nuclear relocation ~200  μm 
from day 149 to day 182 [168].

3.5	 �Regulatory Molecular 
Mechanisms and Pathways 
in Hypertrophy and Fibrosis

Heart failure (HF) represents a complex clini-
cal syndrome that emerges as common compli-
cation and endpoint of several cardiovascular 
diseases, such as ischemic heart disease, particu-
larly myocardial infarction, left ventricular (LV) 
or right ventricular (RV) pressure overload as a 
consequence of systemic/pulmonary hyperten-
sion, vavulopathies, other cardiovascular mal-
formations (atrial/ventricular septal defects, 
aortic stenosis, etc.), hypertrophic, restrictive or 
dilated cardiomyopathies, pericarditis, etc. As 
a paradoxical consequence of increases in life 
expectancy resulting from progress in medicine 
and cure of life-threatening diseases, HF became 
the most common reason for hospitalization in 
elderly patients, with mortality and hospitaliza-
tion rates 90  days after hospitalization for HF 
reaching 15% and 30%, respectively [169]. The 
lifetime risk of developing congestive heart fail-
ure amounts to 1  in 5 individuals, according to 
the Framingham Heart Study, while the aver-
age rate of 5-year survival is around 50%, even 
under maximal standard treatment with com-

pounds such as angiotensin converting enzyme 
(ACE) inhibitors, angiotensin receptor block-
ers, diuretics, β-adrenergic blockers (in milder 
cases), cardiotonic glycosides (in fact the first 
modern treatment, beyond bleeding, introduced 
by William Withering at the end of the eigh-
teenth century). Therefore there is an imperative 
demand to discover novel therapies and trans-
late them to clinical application. Neurohumoral 
imbalances play an important role in the patho-
physiology of HF, including increased plasma 
levels of catecholamines, angiotensin II, aldo-
sterone, endothelin (ET), vasopressin, natriuretic 
peptides, growth factors and inhibitory cytokines, 
therefore the potential therapeutic usefulness of 
endothelin A (ET-A) receptor antagonists (e.g. 
BQ-123), non-selective ET receptor antagonists 
(e.g. bosentan), as well as vasopressin receptors 
non-selective antagonists (e.g. conivaptan)  or 
vasopressin V2 receptor antagonists (e.g. tolvap-
tan) in congestive HF [170]. A recent study iden-
tified 12 elements connected to the nitric oxide 
(NO)/peroxynitrite (ONOO−) cycle, including 
oxidative stress, NO, superoxide (O2

−), NF-κB, 
inflammatory cytokines, iNOS (inducible nitric 
oxide synthase), mitochondrial dysfunction, 
NMDA (N-methil d-aspartate glutamate recep-
tors) activity, intracellular Ca2+, TRP (transient 
receptor potential) channels, and tetrahydrobiop-
terin depletion, all of them having causal roles 
in HF, plus two other factors, the small GTPase 
Rho-actin (RhoA) and ET-1, acting as tissue-
limited cycle elements, claiming that the NO/
ONOO− cycle may be the central cause of HF 
[171]. Another study identifies the myocardial 
extracellular matrix (ECM) expansion (myocar-
dial fibrosis) as an important component of HF, 
contributing, beyond impairment of ventricular 
systolic function, to a relaxation deficit (impaired 
ventricular diastolic function) [169]. More than 
two decades ago, Karl Weber coined the concept 
of “interstitial heart disease”, characterized by 
ECM expansion resulting from excess collagen 
secretion, recognizing that the myocytes and 
interstitial compartments of the myocardium are 
regulated independently, and that activated fibro-
blasts compartment and subsequent ECM expan-
sion play a central role in the pathophysiology of 
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HF and ventricular hypertrophy. A large variety 
of biomarkers have been proposed for this restric-
tive ventricular dysfunction, including ECM 
metabolism modulators, matrix metalloproteases 
(MMPs), cytokines/chemokines/matrikines, and 
novel therapies addressing this target are under 
evaluation [172]; a good example is serelaxin, 
known to reverse myocardial ECM expansion 
and fibrosis.

TRP channels belonging to the classical 
or canonical subfamily (TRPC channels) are 
involved in two types of regulatory responses, 
playing a role in intracellular Ca2+ homeostasis: 
store-operated Ca2+ entry (SOCE) and receptor-
operated Ca2+ entry (ROCE). In 1986, Putney first 
postulated the existence of store-operated Ca2+ 
channels (SOCC), starting from the observation 
that depletion of intracellular Ca2+ stores caused 
subsequent Ca2+ influx into the cells [173]. Hoth 
and Penner described a calcium current in mast 
cells, activated by depletion of intracellular cal-
cium stores, ICRAC (calcium release-activated 
calcium current) [174]. The current is carried 
by very low conductance highly Ca2+-selective 
channels named ORAI1, the opening of which 
is regulated by STIM1, a protein located in the 
endoplasmic reticulum membrane and signal-
ing Ca2+ concentration within this intracellular 
store. Recent studies [175, 176] propose that 
SOCE channels are heteromeric complexes of 
TRPC and ORAI subunits associated to lipid 
rafts, based on experiments showing that expres-
sion of ORAI1  in cells stably overexpressing 
TRPC3 or TRPC6 increased SOCE and that 
SOCE-enhancing levels of ORAI1 “silence” 
spontaneous activity of stably overexpressed 
TRPC3. In contrast to SOCE and ICRAC, Gd3+-
sensitive ROCE mediated by TRPC3, TRPC6 
or TRPC7 represents Ca2+ entry through TRPCs 
as well as SOCE/ICRAC channels activated sec-
ondary to the stimulation of a receptor-Gq/11-
phospholipase C (PLC) signaling pathway, by 
generated diacylglycerol (DAG), a molecule that 
activates TRPC3/6/7 but not TRPC1/4/5. Other 
studies [177, 178] have shown that, in contrast 
to ORAI, several TRPC channels (1, 2, 4 and 
5) are regulated by STIM1 via an electrostatic 
interaction involving residues 672–685, which 

explains the role of TRPC1/4 subunits within 
heteromeric channels in regulating STIM1-
independent TRPC3/6 subunits. When expressed 
at high level, these channels can also function in 
a STIM1-independent mode.

Several studies have linked increased TRPC 
channel activity to cardiac hypertrophy and 
heart failure. Seth et al. have shown that cardiac 
pressure overload by transverse aortic constric-
tion or chronic angiotensin infusion upregu-
lates a TRPC-like nonselective cation current 
in cardiomyocytes [179], while protection to 
hemodynamic stress and neurohormonal excess 
is conferred in TRPC1-/- mice or upon using 
the selective TRPC3 inhibitor Pyr3 [180] by 
altered mechanosensitive signaling through cal-
cineurin/NFAT, mTOR and Akt (calcineurin is 
also known as protein phosphatase 2b—PP2B). 
Overexpression of TRPC3 or 6 was shown to 
induce cardiac hypertrophy through calcineurin/
NFAT signaling in transgenic mice [181, 182]. 
Moreover, Wu et al. used myocytes from hyper-
trophied hearts of TRPC3/4/6 dominant-negative 
(dn) mice to show that they lack a unique store-
depletion-operated Ca2+ influx, which is normally 
present in cells from wild-type animals. TRPC4 
dn inhibited the activity of TRPC3/6/7  in the 
heart, suggesting that these two types of TRPCs 
function in coordinated complexes. By double 
immunofluorescent staining they demonstrated 
a colocalization of TRPC3 with the Na+/Ca2+ 
exchanger NCX1  in dnTRPC3 cardiomyocytes 
[183]. Another study performed on cardiomyo-
cytes from insulin-resistant obese ob/ob mice 
[184] showed that insulin fails to potentiate 
TRPC3 currents in this setting, in contrast to the 
situation in normal animals.  Other anilino-thia-
zole compounds related to Pyr3 (compounds 14 
and 19 in [185]) exert strong potency for TRPC3 
and C6 block (in the low nanomolar range), being 
selective against other TRP channels (TRPA1, 
V1, V4) as well as against cardiac ion channels 
(Cav1.2, hERG, Nav1.5).

Calcineurin activation is sufficient to mediate 
cardiac hypertrophy and progressive heart fail-
ure, by dephosphorylation of nuclear factor of 
the activated T cell (NFAT) family that promotes 
transcription of multiple hypertrophy genes. This 
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pathway was first demonstrated in lymphocytes. 
Interestingly, TRPC1, C3 and C6 genes have 
conserved NFAT consensus sites in the promoter, 
resulting in cardiac hypertrophy upon a posi-
tive feedback cycle with sustained Ca2+ entry. 
Promoter regions of multiple hypertrophy genes, 
such as brain natriuretic peptide (BNP), β-MHC 
(myosin heavy chain), RCAN1 (regulator of cal-
cineurin 1) contain multiple regulatory binding 
sites (MCAT, GATA, NFAT), resulting in direct 
activation via NFAT or GATA-binding proteins 
[186]. Figure 3.5 shows initiation of myocardial 
hypertrophy by multiple membrane receptors and 
signaling pathways via the common calcineurin/
NFAT pathway [187].

Another study stressed the importance of 
class I and II histone deacetylases (HDACs), 
regulated by a transcriptional repressor, neuron-
restrictive silencer factor (NRSF, also known 
as repressor element 1 (RE1) silencig factor—
REST), in expression of multiple fetal cardiac 

genes. TRPC6 plays a key role in this regula-
tion via the calcineurin/NFAT pathway, as well 
as myocardin-related transcription factor A 
(MRTF-A), a co-activator of serum response fac-
tor (SRF), mediating prohypertrophic signaling 
by linking RhoA to cardiac gene transcription 
[188]. Fibroblast proliferation and conversion 
to myofibroblast are also regulated by the SRF/
MRTF and Smad/NFAT pathways, stressing the 
importance of TRPC channels in myocardial 
fibrosis, a major risk factor for cardiac arrhyth-
mias and HF [189]; some of these pathways are 
shown in Fig. 3.6.

Another hallmark feature of HF is altered 
intracellular Ca2+ handling, contributing to 
impaired contractility. This is a result of SERCA 
downregulation combined with upregulation of 
NCX, TRPC4, C5 and C6. In addition, myo-
cardial apoptosis brings an important contribu-
tion to HF in both experimental animal models 
and humans. Apoptosis is triggered by oxidative 
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stress, pro-inflammatory cytokines, catechol-
amines and angiotensin II, intracellular Ca2+ 
elevation playing a central role. Two channels 
are linked to myocardial apoptosis: the NAD+/
ADP ribose/poly (ADP ribose) polymerase 
(PARP)-dependent TRPM2 channels that induce 
Na+ and Ca2+ overload, leading to mitochondrial 
membrane disruption, cytochrome c release, and 
caspase 3-dependent chromatin fragmentation, as 
well as TRPC7 channels, related to angiotensin 1 
activation [190].

Extensive molecular studies failed to identify 
a unique pattern of miRNA changes in HF.  In 
acute HF, the only miRNA featuring consis-
tent changes is miR-499, which is significantly 
(~twofold) elevated [191]. In non-ischemic sys-
tolic HF several miRNAs are elevated in corre-
lation with BNP, such as miR-200b, miR-519e, 
miR-520d, miR-622, miR-1228 and miR-1231 
[192]. miR-423-5p and miR-133 are also ele-
vated, but they are not correlated with BNP levels 

or cardiac remodelling [193]. Of twelve miRNAs 
with elevated circulating levels in hypertrophic 
cardiomyopathy, only three showed consistent 
correlation with cardiac hypetrophy: miR-27a, 
miR-29a, and miR-199a, and only the second 
one of these three was also correlated with myo-
cardial fibrosis. A number of miRs regulate 
cardiomyocyte hypertrophy (miR 21, 133, 150, 
195, 214), while the miR-29 family and miR-21 
regulate myocardial fibrosis [89] (see Sect. 3.3). 
miR-208a, regulated during cardiac hypertro-
phy,  is encoded in an α-MHC intron, and can be 
modulated by a protein interacting with thyroid 
hormone receptor [194], while miR-1 and miR-
133—encoded together in a bicistronic unit - are 
inversely related to cardiac hypertrophy [195].

A special emphasis has been placed on the 
roles of miR1/133, deemed to exert protective 
effects, downregulated by ischemia/reperfusion 
and upregulated by ischemic postcondition-
ing [55, 196]. However, the two miRs produce 
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opposite effects in  vitro on apoptosis induced 
by H2O2: while miR133 downregulates Caspase 
9, miR1 downregulates multiple antiapoptosis 
genes, such as Hsp60, Hsp70, IGF-1 and Bcl2 
[89]. Recent studies identified the presence of a 
cAMP response element (CRE) sequence in the 
miR1/133a promoter region; in addition, CRE 
modulator (CREM) is a target of miR1 that acts 
as a regulator of CRE-binding protein (CREB) 
signaling, both proteins being activated by 
β-adrenergic signaling and competing for binding 
to CRE in gene promoters, which may explain 
the antiapoptotic effects of β-blockers [197]. The 
same miRs (miR1  in particular) enhance Ito by 
repressing Iroquois homebox domain 5 (IRX5), 
a transcriptional inhibitor of Kv4.2. In addition, 
miR133a enhances expression of KChIP2, the 
auxiliary subunit of Kv4.x channels contributing 
to Ito fast [198]. Other presumed effects of miR133 
upregulation include suppression of embryonic 
cardiomyocytes proliferation, prevention of 
genetic cardiac hypertrophy, inhibition of apop-
tosis, repression of HCN2 and hERG expression, 
and decrease in connective tissue growth factor 
expression. In HF both miR1 and 133a are dra-
matically reduced, explaining a main component 
of electrical remodeling. Therapeutic overex-
pression of miR133 has been proposed to prevent 
cardiac remodeling. Since both the calcineurin/
NFAT pathway and miR-133 have been shown 
to play critical roles in cardiac hypertrophy, a 
relationship between them was postulated by 
Dong et al. [199]. These authors proved that cal-
cineurin is a target of miR-133 via posttranscrip-
tional repression, and expression of miR-133 is 
decreased by the calcineurin/NFAT pathway, 
providing a frame to understanding progressive 
cardiac hypertrophy [199].

3.6	 �Molecular Peculiarities 
of Right Ventricle 
Cardiomyocytes

Differences between right and left heart appear 
early during embryonic development. Cardiac 
progenitor cells appear early during gastrulation 
in the anterior lateral plate mesoderm: they are 

organised in a primary heart field (or first heart 
field), originating in the anterior splanchnic 
mesoderm, that form the cardiac crescent and 
then the early heart tube, eventually giving rise to 
the left ventricle and parts of the atrial chambers, 
and a secondary heart field, joining the heart tube 
to its arterial and venous edges from the phar-
ingeal mesoderm and dorsal mesocardium, and 
giving rise to the main parts of the atrial tissue, 
right ventricle, and the outflow tract. The primor-
dia of valves and septa derive from endocardial 
cushions formed by epithelial-to-mesenchymal 
transition of overlying myocardium, and later 
differentiate into valvular and septal structures. 
Neural crest cells migrated through pharyngeal 
arches from mid-otic placodes and caudal limit 
of somite 3 join the endocardial cushions to form 
the aortico-pulmonary (spiral) septum, smooth 
muscle cells of pharyngeal arteries and interstitial 
cells of semilunar valves, while epicardial cells 
derive from the proepicardium organ located near 
the sinus venosum in embryonic heart.

It is thought that left-right asymmetry of the 
embryo arises from a leftward extracellular flow 
of yolk sac fluid produced by rotation of left-
right-dynein-containing monocilia on the ven-
tral surface of the embryonic node, and detected 
by TRPP2 ion channels (belonging to another 
TRP subfamily, the polycystins) located in flow-
sensing nodal cilia at the left margin of the node 
(as well as primary renal cilia), and their activa-
tion leads to asymmetrical Ca2+ inflow resulting 
into oriented differentiation ([200] reviewed by 
[201, 202]). Thus, TRPP2 knockout mice feature 
randomization of heart looping and embryonic 
turning, right pulmonary isomerism and abdomi-
nal situs [203], while in other studies TRPP1 or 
TRPP2 double knockout mice died in utero with 
cardiac septal defects and cyst formation in neph-
rons and pancreatic ducts [204, 205]. An inter-
esting hypothesis is that, prior to primitive node 
formation, differential ion channel activity in 
embryo cells gives rise to unidirectional mRNA 
flow through gap junctions, resulting in asym-
metrical gene expression. An important insight 
into cardiac asymmetry was obtained recently 
by Koshiba-Takeuchi and Bruneau by study-
ing differences in transcription factors expres-
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sion among different animal species. During 
phylogenetic evolution of vertebrates, fish have 
bicameral hearts composed of one atrium and 
one ventricle, amphibians have tricameral hearts 
composed of two atria and a common ventricle, 
lower reptiles have a partially separated ventri-
cle, while crocodiles, birds and mammals have 
completely separated tetracameral hearts. Via in 
situ hybridization and qRT-PCR performed in an 
inferior reptile featuring a single ventricle, the 
green anole (Anolis carolinensis), compared to a 
superior reptile, the red slider turtle (Trachemys 
scripta elegans) that has a small, incomplete inter-
ventricular septum, these authors proved a left-
to-right (high-to-low) Tbx5 gradient in the turtle 
ventricles similar to that in chick or mouse heart, 
but lacking in anole heart, occurring later during 
embryonic development [37]. These results pro-
vide a molecular mechanism for the evolution of 
the amniote ventricle, suggesting that restricted 
Tbx5 expression is required for interventricular 
septum formation and chamber separation in the 
vertebrates. Dominant mutations in Tbx5 gene 
in humans result in Holt-Oram syndrome, with 
variable congenital heart defects and associated 
upper limb malformations. The syndrome could 
be reproduced in Tbx5-mutant mice, with vari-
able degrees of congenital heart defects, milder in 
animals with a hypomorphic allele (Tbx5lox/+) and 
more pronounced in homozygous hypomorphic 
(Tbx5lox/lox) and haploinsufficient mice (Tbx5del/+) 
or double-knockout mice. Similar congenital 
heart defects occur in DiGeorge syndrome due to 
Tbx1 dominant mutations, while non-syndromic 
congenital heart defects are related to dominant 
mutations in the homebox transcription factor 
gene Nkx2.5 and zinc-finger transcription fac-
tor gene GATA4 [206]. The conclusion is that 
Tbx5 exerts a “rheostatic” control of cardiac gene 
expression, with some genes sensitive to varia-
tions as small as 15% in Tbx5 mRNA level, and 
thus a complex gene network including cardiac 
transcription factors, intercellular signaling mol-
ecules and ion channel proteins is finely tuned 
during tetracameral heart morphogenesis.

Another interesting hypothesis is that inter-
nal right-left asymmetry in vertebrates is con-
trolled by the left-specific Nodal-Pitx2 axis, 

which is repressed by right-sided epithelial-to-
mesenchymal transition (EMT) inducers Snail1 
and Prrx1a, the later under control of BMP mor-
phogens; thus, Nodal on the left and BMP on 
the right form two parallel and mutually repress-
ing pathways along the lateral plate mesoderm, 
asymmetrically activating transcription factors 
Pitx2 and Prrx1, driving heart laterality in verte-
brates via asymmetrical EMT [207].

Differences between left and right ventricle 
behavior to pressure or volume overload, particu-
larly in relation to congenital heart diseases, are 
thoroughly discussed in a recent review [208]. 
While our current understanding of mechanisms 
involved in left ventricular hypertrophy and its 
progression to left ventricular failure is quite 
accurate, not the same can be said about right 
ventricular pressure and volume overload and its 
progression to right ventricular failure, although 
the topic is obviously of utmost importance for 
patients with repaired or palliated congenital heart 
defects or pulmonary hypertension. The authors 
emphasize a significant number of molecular and 
functional differences between the two ventricles 
and their adaptive response to hemodynamic 
stress. Thus, left and right ventricle feature dif-
ferences in miR expression levels: in right ventri-
cle miR-28, miR-34a, miR-93, and miR-148a are 
specifically upregulated during afterload stress, 
while they remain at steady levels during experi-
mental left ventricular hypertrophy and failure 
produced by transverse aortic constriction, and 
miR-34a increases in left ventricle only during 
ischemia. These differences signal a higher sensi-
tivity of right ventricle, particularly during pres-
sure overload, to ischemia. Indeed, mitochondrial 
transmembrane potential is lower in right vs. left 
ventricle at rest, but increases during right ven-
tricular hypertrophy via the calcineurin/NFAT 
pathway. The right ventricle features a deficit of 
antioxidant enzymes (superoxide dismutase and 
glutathione peroxidase), particularly during pres-
sure overload, while in the left ventricle these 
enzymes are activated during such a hemody-
namic stress in the compensated stage. Studies 
also suggest greater mitochondrial reactive oxy-
gen species (ROS) production during right ven-
tricular failure due to hypoxia-inducible factor 
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(Hif-1α) activation and impaired fatty acid oxy-
dation due to PGC1α (Peroxisome proliferator-
activated receptor-gamma coactivator) deficit. In 
addition, the right ventricle features a lower coro-
nary blood flow and lower oxygen consumption 
at rest, as well as reduced response to angiogenic 
factors, rendering it more susceptible to ischemia. 
While in animal models of pulmonary hyperten-
sion induced by injection of monocrotaline (a 
vascular toxin that selectively affects pulmonary 
microcirculation) there is an increase in capil-
lary density, in pulmonary artery banding mod-
els neoangiogenesis is completely absent, with 
increased Hif-1α but decreased VEGF. There are 
also differences between the failing right and left 
ventricle in relation to neurohormonal activation. 
In right ventricle failure there is a decreased ino-
tropic response due to down-regulation of several 
classes of adrenergic receptors (β1, α1, and DA1), 
decreased cAMP and increased GPCR kinase 2, 
possibly explaining why beta-blockade does not 
function in these patients (e.g. in adults with 
right ventricular failure after repaired tetralogy 
of Fallot). Data concerning levels of activation 
of the renin-angiotensin-aldosterone axis in right 
ventricular failure patients are also controver-
sial, and treatment with angiotensin-converting 
enzyme inhibitors like enalapril or ramipril or 
with angoitensin II receptor antagonists like 
losartan remains elusive.

Another recent study [209] emphasizes the 
role of Ca2+ signaling via TRPC6 channels in 
relation to TGF-β1 activation (modulated via 
knockdown of the type I glycoprotein endoglin 
or CD105, part of the TGF-β1 receptor complex) 
in right vs. left ventricular failure. Studies per-
formed on human right and left ventricular sam-
ples from patients with end-stage heart failure vs. 
control subjects showed increased expression of 
TRPC1, 3, 4, 6, of TRPV2, and decreased expres-
sion of TRPM2, 3, and 8, with TRPC1 and 6 lev-
els higher in right vs. left ventricular heart failure 
patients. A study in endoglin single-knockout 
mice revealed that pumonary artery constriction 
failed to increase TRP channels expression lev-
els in either ventricle, while in control mice TRP 
channel expression was differentially increased 
in the right compared to the left ventricle. The 

symmetrical model of thoracic aortic constriction 
resulted in differential increase in TRPC1 and 6 
expression in left vs. right ventricle irrespective 
of endoglin gene knockdown.

A study by the group of Antonio Zaza [210] 
revealed further differences in right vs. left ven-
tricular cardiomyocytes in an in  vivo model of 
right ventricular hypertrophy induced by mono-
crotaline injection in rats. Beyond ultrastructural 
changes, such as increased cardiomyocyte size, 
increased ECM, disorganized t tubule network, 
MHC isoform switch, there was an „electrical 
remodeling” consisting in increased diastolic 
intracellular calcium levels and Ca2+ release from 
stores, along with down-regulation of K+ currents 
and increase in late Na+ current (INaL) component, 
which may explain in part the favorable thera-
peutic effects of ranolazine in this experimental 
model of right ventricular pressure overload.

3.7	 �Concluding Remarks

Within this chapter we have summarized the dif-
ferentiation signaling pathways, transcription 
factors, enhancers, and gene regulatory networks 
involved in cardiogenesis, regulation by microR-
NAs of cardiomyocyte differentiation, prolif-
eration/apoptosis, angiogenesis, myocardial 
hypertrophy and fibrosis; we have reviewed the 
ultrastructural features of cardiomyocytes that 
transform them into highly efficient contractile 
elements, ensuring blood pumping in the pul-
monary and systemic circulation along the entire 
lifespan, and we have emphasized molecular 
mechanisms and adaptive responses involved in 
myocardial hypertrophy and fibrosis, highlight-
ing the differences between the right and left 
ventricle concerning response to pressure or vol-
ume overload. A number of astounding recent 
progresses of fundamental biomedical research, 
such as methods for large-scale differentiation 
into cardiomyocytes of embryonic or induced 
pluripotent stem cells, combined with the pos-
sibility of genome editing via CRISPR-Cas9 or 
similar techniques, control of the miRNA regu-
latory networks with synthetic oligonucleotide 
inhibitors based on locked nucleic acids, control 
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of myocardial fibrosis and fibroblast reconver-
sion into functional cardiomyocytes, new drugs 
and identification of new molecular targets, all 
these offer promises of new enhanced therapeutic 
approaches for the benefit of patients with cardio-
vascular diseases.
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Basic Aspects of Cardiac 
Remodelling
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Abstract

It has been defined by Conn and colleagues in 
2000 that “Cardiac remodelling may be char-
acterized as genome expression, molecular, 
cellular and interstitial changes that are mani-
fested clinically as changes in size, shape and 
function of the heart after cardiac injury”, 
associated with ventricular dysfunction, 
malignant arrhythmias and poor prognosis. 
Conversely, the various definitions of cardiac 
remodelling stress on common molecular, 
biochemical, and mechanical pathways. 
Although the right ventricle and left ventricle 
show significant distinctions in embryology, 
form, and function, they have many similar 

findings when they adjust to damaging load-
ing or when they fail. Having a number of key 
differentiations in their molecular response to 
failure this offer a future platform for right 
ventricle for a particular therapeutic interven-
tion. It has been suggested by Friedberg and 
Redington in 2014 that “Focus on the molec-
ular pathways specific to the failing right ven-
tricle, and targeting the interactions between 
both ventricles may guide to successful treat-
ments for the right ventricle and left ventricle 
failure”. A shortly review is made with 
updated information for all factors that cause 
and affect cardiac remodelling process, espe-
cially in case of right heart.

Keywords

Right ventricle · Cardiac remodelling · Cardiac 
remodeling · Heart failure · Reverse remodel-
ling · Right heart

4.1	 �Introduction

To date, the term ‘cardiac remodelling’ (CR) was 
firstly coined by Hockman and Buckey on myo-
cardial infarction (MI) to study replacement of 
myocardial injury with scar tissue [1]. Later, 
Janice Pfeffer applied the name CR to illustrate 
the progressive dilatation of the left ventricle 
(LV) on vivo studies [2]. Nonetheless, Pfeffer and 
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Braunwald utilized the term CR for morphological 
changes caused by MI, especially for LV remod-
elling [3]. In this regard, an international forum 
published in 2000 a consensus on CR, that 
defined “CR as a group of molecular, cellular 
and interstitial changes that clinically manifest 
as changes in size, shape and function of the 
heart resulting from cardiac injury” [4]. In biol-
ogy, the term remodelling characterizes adjust-
ments that cause reorganizing of initial structures 
[5]. Even if CR was used initially to describe the 
geometric and structural modifications caused by 
MI [3, 6], CR is actually applied to a large variety 
of cardiac conditions. Esentially, Swynghedauw 
classified etiology of CR as being (1) acquired 
diseases (postmyocardial infarction, hyperten-
sive cardiopathy, valve and congenital disease, 
myocarditis, and Chagas disease); (2) genetics 
(inherited cardiomyopathies, familial hypertro-
phic cardiomyopathy, dilated cardiomyopathy, 
Marfan disease, hemochromatose, transgenic 
models, transgenic models of cardiac hypertro-
phy, transgenic models of cardiac failure); and 
(3) miscellaneous causes (aging; heart rate; use 
of catecholamines, thyroxine, or growth hor-
mone; salt, mineralo- and glucocorticoid; diabe-
tes mellitus; B6 vitamin deficiency; atrophy due 
to heterotopic transplantation and hypertrophy 
due to homeotopic transplantation (?)) [5, 7, 8]. 
Further, CR is separated into structural (hyper-
trophy and fibrosis) and electrical remodelling. 
Shortly, any type of stress induces cardiomyo-
cytes (CMs) to become hypertrophic with altered 
electrical function, while cardiac fibroblasts 
(CFs) transform in ‘activated’ myofibroblasts 
(MyoFb), which further multiply and boost extra-
cellular matrix (ECM) tissue with fibrosis [9].

During international forum from 2000 [4], 
two types of CR were established: (1) physiologi-
cal (adaptive) remodelling and (2) pathological 
remodelling. Further, Dorn et al. defined CR as 
being ‘adaptive or maladaptive’ [10]. It should be 
noted, that Hill and Olson stated that heart can 
respond to environmental stimuli by increase of 
myocardial mass or atrophy starting with a “least 

100%” [11]. More important is other mechanisms 
than remodelling also can alter the evolution of 
heart disease, even in the absence of remodel-
ling process. To reiterate, CR can be a physi-
ologic or pathologic condition [4]. Physiologic 
CR is a physiological alteration in size and func-
tion of the heart due to physiologic stimuli such 
as exercise (“athlete’s heart”) and pregnancy.  
In addition, pathologic CR occurs with pressure 
overload conditions (e.g., aortic stenosis, hyper-
tension), with volume overload conditions (e.g., 
valvular regurgitation), with cardiac injury or 
coronary artery disease (CAD), and with inflam-
matory myocardial disease (e.g., myocarditis), or 
idiopathic dilated cardiomyopathy [4]. Equally, 
physiologic CR may lead to pathologic remodel-
ling [12].

Constrictive pericardial disease, selected forms 
of congenital heart diseases (CHD), inflow 
obstruction, primary myocardial disease, and 
pressure or volume overload are each well-
described causes of right ventricular (RV) remod-
elling, RV systolic dysfunction, and cor pulmonale 
[13]. Emerging evidence suggests that RV dys-
function is the mainly marker of poor prognosis in 
pulmonary hypertension (PH) [14, 15].

For simplicity, the first adaptive reaction of 
the RV to pressure overload is hypertrophy. If 
untreated, the RV dilates to compensate increased 
RV preload and to maintain stroke volume 
according to the Frank-Starling principle. When 
further increase in RV end-diastolic filling vol-
ume do not balance progressive RV contractile 
dysfunction, clinically evident RV failure ensues. 
In advanced stages, RV dilation may also impair 
LV diastolic filling kinetics that contributes fur-
ther to global pump dysfunction and, conse-
quently, to the congestive heart failure (CHF) 
syndrome [16].

It should be restated that the RV and the LV 
don’t have same embryologic origins. The RV 
stems from the secondary/anterior heart tube and 
the LV from early/primary heart tube [17]. 
Accordingly, RV formation is specifically con-
trolled by several genes, including Hand2 and 
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Tbx20 [18]. This different embryologic origin of 
RV is associated with cellular divergence that 
controls the duration of early development to dif-
ferent LV and RV cardiomyocytes, and go on with 
distinct cell signalling and Ca2+ handling path-
ways for both chambers, altogether suggestive of 
certain essential differentiation at the cellular 
level for both ventricles [19]. For the foetal period, 
the RV propels blood into the pulmonary circula-
tion, placenta and into the inferior body. Further, 
during the switch from the foetal circulation to the 
postnatal circulation with the reduction of pulmo-
nary vascular resistance (PVR), the RV develops 
into a thin-walled, heavily trabeculated chamber 
pushing a cardiac output (CO) same to the LV but 
with lesser energy cost [20]. Normal crescent–
shaped RV with thinner walls is a low-pressure 
chamber that faces the low impedance of pulmo-
nary circulation. Thus, although the RV is a low-
resistance and low-capacitance pump, the LV is 
an high-resistance and high-pressure pump [20]. 
Additionally, the RV has a different metabolism 
and morphology in comparison with LV [20]. RV 
cardiomyoytes are disposed longitudinally and 
demonstrate faster twitch velocities than the radi-
ally oriented LV cardiomyocytes. As a result, 
because of these anatomical and physiological 
differences, both ventricles present various reac-
tions to disease forms. According to current evi-
dences, it seems that RV hypertrophy (RVH), RV 
remodelling and RV failure (RVF) can develop at 
the same time instead of progression development 
(Fig. 4.1) [21].

Also, in response to increased afterload, there 
is an activation of the foetal gene pattern in RV, 
re-expressing of genes from normal foetal 
RV.  This includes a shift from α- to β-myosin 
heavy chain expression and an increase in adren-
ergic receptors, calcineurin activation [22–24], 
and phosphodiesterase type-5 (PDE5) expres-
sion [25]. The foetal gene pattern re-expression, 
particularly the myosin heavy chain shift from 
the α to β isoform, an hallmark of foetal gene 
reactivation, is also triggered in LV failure 
(LVF) [22].

Further, using microarray gene chip studies 
of mice, Urashima et al. compared LV hyper-
trophy (LVH) from aortic banding with RVH 
from pulmonary banding, and they demon-
strated both similar and different LV and RV 
adaptive mechanisms [26]. One pathway that is 
more activated in the pressure-loaded RV com-
pared with the pressure-loaded LV is the Wnt 
signalling pathway (Fig.  4.2) [27–29]. Wnt 
regulates glycogen synthesis kinase-3b activ-
ity, a serine/threonine protein kinase active in 
multiple intracellular signalling pathways, 
including cell proliferation, migration, inflam-
mation, glucose regulation, and apoptosis [28, 
29]. Also, there are multiple variation concern-
ing the RV and LV in their adaptation to 
increased loading and likely differences in 
metabolism, mitochondrial remodelling, and 
glycolysis-to glucose oxidation coupling. 
These metabolic changes may subsequently 
lead to hyperpolarization of the mitochondrial 
membrane potential in RV hypertrophy, ineffi-
cient energy metabolism, and increased lactate 
production at an earlier stage of maladaptation 
compared with the LV [30].

In CR process, several cell markers may 
indicate an undergoing CR progression, as well 
as alterations with an rise in α- and a reduction 
in β-myosin heavy chain, raised exhibition of 
Glucose transporter type (GLUT)-1, α-actin, 
natriuretic peptides, galectin, caveolin, neuro-
nal nitric oxide synthase (NOS), angiotensin-
converting enzyme (ACE), reduction of 
GLUT-4, sarcoplasmic/endoplasmic reticulum 
Ca(2+)ATPase 2a (SERCA 2a), and a change 
from free fatty acids oxidation to glucose 
metabolism [31, 32].

To sum up, cardiac dysfunction is the most 
important effect of CR.  Because of cardiac 
injury, CR begin with genetic alterations, with 
reexpression of foetal genes, with cellular and 
molecular modifications, and gradually dam-
age of ventricular function that develops with 
signs and symptoms of HF (Fig.  4.3) [4, 31, 
33–35].
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Fig. 4.1  (a) An overview of changes associated with RV 
pressure overload. Key triggers of RV pressure overload 
include pulmonary hypertension, RV outflow tract obstruc-
tion or RV being the systemic ventricle. RV pressure over-
load induces RVH that, through remodelling, leads to RV 
failure. It is of note, however, that RV failure is a continuous 
process and may begin as the time of hypertrophy and 
remodelling rather than being seen as a sequential process. 

(b) Effect of RVH-induced ischaemia. RVH is characterised 
by tissue hypoxia arising from ischaemia and microcircula-
tory insufficiency. Ischaemia-derived ROS, through the acti-
vation of transcription factors, drive the metabolic 
remodelling, contractile dysfunction and fibrosis that occur 
in RV failure. RVH, RV hypertrophy; PA, pulmonary artery; 
ROS, reactive oxygen species; MMPs, matrix metallopro-
teinases. (From Iacobazzi [21]. It is an open access article)
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Fig. 4.2  The Wnt/β-catenin signaling pathway. In the 
Wnt-off state, defined by the absence of an active Wnt 
ligand, β-catenin is phosphorylated by the destruction 
complex (formed from the two kinases Gsk3 and Ck1, the 
scaffolding protein Axin, and the tumor suppressor Apc) 
and degraded by the ubiquitin-proteasome pathway. In the 
Wnt-on state, active Wnt ligands interact with the Fz 
receptors and the Lrp5/6 coreceptor. Phosphorylation of 
Lrp5/6 by Gsk3 and Ck1 recruits Dvl and Axin to the 

receptor complex and hence inhibits the destruction com-
plex. This, in turn, inhibits β-catenin phosphorylation and 
stabilizes β-catenin in the cytoplasm. β-catenin is then 
translocated into the nucleus, by a complex including 
Fam53b/Smp, and regulates target gene expression with 
the Tcf/Lef transcription factors. Many modulators 
including the inhibitors sFrps and Wif are known to 
tightly regulate the signaling cascade. (From Ozhan et al. 
[27]. It is an open access article)

• Myocyte loss
• Toxic/Inflammatory
• Genetic change
• Volume overload
• Pressure overload

• Genetic changes
• Biochemical changes
• Molecular changes
• Cellular changes
• Structural changes

• Asymptomatic heart failure
• Symptomatic heart failure

Injury

Remodeling

Ventricular
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Fig. 4.3  Sequence of events from cardiac injury to 
cardiac dysfunction. (From Azevedo [33]. It is an open 
access article)
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4.2	 �Adaptive Versus Maladaptive  
Cardiac Remodelling

As already stated, CR is an adjusting and a mal-
adaptive process. The adjusting process sustains 
heart function due to pressure overload or vol-
ume overload in case of acute cardiac injury [36]. 
Even if CAD affects directly RV with regional or 
global ischemia, RV physiology and RVF are 
mainly influenced by raised preload or afterload 
[20]. It has to be underlined that RV is exclu-
sively dependent on afterload. Even small 
changes in total PVR, as demonstrated by modest 
increases in mean airway pressure during posi-
tive pressure ventilation, can reduce RV contrac-
tile performance and lower CO even when RV 
preload is maintained [37]. In contrast, signifi-
cant changes in LV afterload may induces only 
modest changes in LV stroke volume [38]. 
Although patients with acute changes in systemic 
vascular resistance can compensate over a wide 
range, those with acute pulmonary arterial hyper-
tension (PAH) if associate acute lung failure, 
often develop overt RVF and compromised CO 
[20]. In the largest part of clinical scenarios, even 
acute mild/moderate raises in RV afterload pro-
duce significant falls in RV output, including 
PAH and RV outflow obstruction, with the men-
tion that usually changes in afterload are chronic 
and occur progressively [20]. Undeniably, in the 
chronic conditions, the relative increase in RV 
afterload is much greater in PAH than the increase 
in LV afterload in systemic hypertension [20].

Only that, long-term CR is damaging and cor-
related with a weak prognosis [39, 40]. Significant 
CR causes the increase of failing cardiac function 
[39, 41] that is related with bad prognosis espe-
cially for MI [40]. Actually, there is no evidence 
to suggest the time of occurrence from adaptive 
remodelling to maladaptive remodelling or if CR 
can be recognized at right moment. For instance, 
continuing CR is usual after an initial, moder-
ately large anterior MI, but is uncommon after an 
initial small inferior MI [41]. CR after acute MI 
involving the LV may progress with LV dilatation 
and with later RV dilatation. Biventricular (BiV) 
remodelling comprises a group of patients with 

extremely poor outcomes [42]. Importantly, BiV 
failure is regarded as the terminal phase of CR 
[43, 44]. On the other hand, there is no clear 
knowledge regarding the effects of acute MI of 
LV and RV remodelling. It seems that the most 
important pathophysiological mechanism is the 
PH followed by raise of the RV afterload.

It should be mentioned that about 50% of 
patients with cardiac failing will die in five years. 
Moreover, about 40% of patients with HF die dur-
ing first one year of hospitalization [45]. Also, an 
important number of deaths related with CR and 
cardiac failing are produced by sudden death [46] 
suggestive of the fact that an asymptomatic patient 
doesn’t mean a convinced good prognosis. In the 
face of raised survival with up-to-date current treat-
ments, death rates have inadmissible values [47].

4.3	 �Basic Concepts  
of Cardiac Remodelling

As already mentioned that “CR may be charac-
terized as genome expression, molecular, cellular 
and interstitial changes that are manifested clini-
cally as changes in size, shape and function of the 
heart after cardiac injury” [4], the myocyte or 
cardiomyocyte (CM) is the most important car-
diac cell implicated in the CR process. Conversely, 
the various explanations of CR share common 
molecular, biochemical, and mechanical path-
ways. Furthermore, the interstitium, fibroblasts, 
collagen, coronary vasculature, hemodynamic 
load, and neurohumoral activation affect the pro-
cess of CR.  A shortly review is made with 
updated information for all factors that influence 
CR process especially in case of right heart.

4.3.1	 �Functional Changes

RV and LV are different in their anatomy and 
physiology. Moreover, morphologically and 
functionally, both ventricles are comprehen-
sible linked not only in health but also as they 
react to disease [20]. In same time, alterations in  
ventricular mass, and changes in composition 
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and volume negatively modify the cardiac func-
tion [39, 41, 48–50]. As CR continues over time, 
the heart dilates and becomes spherical instead 
of elliptical form [51, 52], with thinning of car-
diac walls and mitral valve incompetence. Even 
so, the evolution of CR depends on the primary 
disease, the severity of the underlying disease, 
genotype, intermittent ischemia episodes, neu-
roendocrine activation, and recommended treat-
ment [41, 53, 54].

4.3.2	 �Cellular and  
Molecular Changes

It should be emphasized that CR is related with 
numerous cellular changes as well as myocite 
hypertrophy, deficit of myocytes due to apoptosis 
[55–57] or necrosis [58], fibroblast proliferation 
[59] and fibrosis [60, 61]. At molecular level, 
recent literature has highlighted differences 
between the RV and LV in the expression of 
genes involved in the response to pressure load-
ing and failure [62]. Some of these differences 
are detailed in the following text and are summa-
rized in Table 4.1 [20, 25, 27, 63–69, 71, 72].

4.3.3	 �The Cardiomyocyte (CM)

Human myocardiums are composed of myocytes 
tied and hold up by connective tissue mainly cre-
ated from fibrillar collagen. The adult human 
heart have about 4–5 billions CMs but the myo-
cardium has insignificant basic regenerative 
capability, and the damage of an important mass 
of cardiac muscle causes scar. In fact, the normal 
myocardium consists of four components that are 
highly interrelated: CMs, CFs, the microcircula-
tion and the extracellular matrix (ECM) [73]. All 
four above components have decisive role in the 
progression of chamber remodelling with hyper-
trophy [73]. RV myocytes have mainly longitudi-
nal myocyte direction with angulated intrusion of 
superficial myocytes toward the endocardium 
creating a peristaltic contraction from the inlet to 
outlet and a bellows-like motion of the free wall 

Table 4.1  Molecular differences between the left and 
right ventricles in response to adverse loading

Molecular  
response Right ventricle Left ventricle

Wnt pathway 
activation and 
glycolysis-to-
glucose oxidation 
metabolism in 
afterload

Higher 
activation; 
potentially 
inefficient 
energy 
metabolism [27]

Lower 
activation; 
potentially 
improved 
energy 
metabolism 
[27]

Fibrotic response 
to volume loading

Stronger [63] Weaker [63]

Irx2 transcription 
factor expression 
in afterload

Not expressed 
[64]

Expressed 
[64]

Atrial natriuretic 
peptide 
expression

Not expressed 
[65]

Expressed 
[65]

miRNA 133a 
expression in 
experimental PAH

Decreased [64] –

Expression in 
afterload of 
clusterin, 
neuroblastoma 
suppression of 
tumorigenicity  
1, Dkk3, Sfrp2, 
formin binding 
protein, annexin 
A7, lysyl oxidase

Increased [66] Not increased 
[66]

Response to α-1 
adrenergic 
receptor agonists

Decrease 
contractility 
[67]

Increase 
contractility 
[67]

Response to 
long-term 
norepinephrine 
infusion

No hypertrophy 
[68]

Hypertrophy 
[68]

miRNA 28, 148a, 
and 93 expression 
in failure

Increased [66] Decreased 
[66]

Response to 
dichloroacetate in 
hypertrophy

Increased 
inotropy [27]

Unchanged 
inotropy [27]

Response to 
PDE5 inhibitors 
in hypertrophy

Increased 
inotropy [25]

Unchanged 
inotropy [25]

Response to 
recombinant  
BNP infusion

Unchanged 
inotropy [69, 
70]

Increased 
inotropy [64]

BNP indicates brain natriuretic peptide, Irx2 Iroquois 
homeobox 2, miRNA microRNA, PAH pulmonary arterial 
hypertension, PDE5 phosphodiesterase type-5
From [20] with permission
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toward the septum [74]. In addition, RV myo-
cytes present quicker twitch velocities than LV 
myocytes [75].

Even if the RV and the LV have related cellu-
lar and molecular responses to stress, there are 
various distinctions at the cellular and molecular 
levels in their responses to stress such as pressure 
overload. Furthermore, both ventricles show 
comparable modifications in genes controlling 
ECM and cytoskeleton remodelling, but with sig-
nificant differentiation in genes controlling 
energy production, mitochondrial function, reac-
tive oxygen species (ROS) production, antioxi-
dant protection, and angiogenesis [26, 70].

Unlike the CMs that comprise almost 1/3 of 
all heart’s cells [76], endothelial cells (ECs) [77], 
vascular smooth muscle cells (VSMCs) [77], 
CFs, macrophages and surrounding ECM that 
exist in the cardiac interstitium are together 
named as nonmyocyte cells [78]. The develop-
ment of nonmyocyte cells is mentioned as inter-
stitial structural remodelling and is characterized 
by the increase of collagen [78, 79]. Because the 
increase of nonmyocytes and myocytes is unre-
lated of each other, the hypertrophic process may 
be a similar and proportional or heterogeneous 
with excessive nonmyocytes raise, correspond-
ingly [80, 81].

Since CMs have low ability for cellular multi-
plication, it is clear that they can growth by cel-
lular enlargement. Consequently, the 
cross-sectional area and diameter of CMs are 
raised. Furthermore, typical characteristics of 
hypertrophy develop too: (1) sarcomere is intense 
restructured; (2) raised CMs size and myocardial 
mass by boost of protein synthesis; and (3) car-
diac specific gene expression suffers alterations 
[11, 82]. A part of these modifications are known 
as re-activation of foetal gene program that 
implies only the re-expression of normal genes 
from embryonic and neonatal heart, together with 
contractile foetal proteins such as skeletal α-actin, 
atrial myosin light chain-1 and β-myosin heavy 
chain, and signal transduction proteins such as 
atrial natriuretic peptide (ANP) or B-type natri-
uretic peptide (BNP) [9, 83]. Abnormal existence 
of these foetal proteins in adult human heart has 

an effect on cardiac contraction, myocardial 
metabolism including Ca2+ control, resulting in 
maladaptive CR [84]. Of particular interest, the 
presence of the foetal gene program does not 
exist in physiological hypertrophy [85].

Changes of CMs in the size, shape, and func-
tion are related with the raise of cell death as 
well. Deficit of CMs is mainly related to the 
chronic CR process with progression to HF, 
increased apoptosis [86], and decreased cardiac 
function of heart. For that reason, the equilibrium 
between CMs survival and apoptotic pathways 
seems the mainly factor of the shift process from 
hypertrophy to ventricular dilatation [87].

It has previously described that the term 
matricellular proteins don’t have any significant 
role in cardiac tissue structure, but they are stim-
ulated by injury with the alteration of cell to cell 
and cell to matrix connections [88]. Therefore, 
the production of matricellular proteins in the 
cardiac matrix, causes their attachment to growth 
factors, cytokines, and cardiac cells receptors of 
transducing signalling cascades. Consequently, 
matricellular proteins are controlled in CR pro-
cess and have a significant function in controlling 
of inflammatory, reparation, fibrotic and angio-
genic process [88]. It should be remembered that 
the term matricellular protein has been created by 
Bornstein [89] for ECM proteins which have no 
involvement in the structure of the ECM, except 
they appear and control cardiac cellular function 
subsequent to injury. According to current evi-
dence, matricellular proteins implied in CR com-
prise secreted protein acidic and rich in cysteine 
(SPARC), osteopontin, thrombospondin (TSP), 
periostin, and tenascin families [88, 90]. Also, 
initiation of the matricellular proteins (TSP-1, 
tenascin-C, SPARC) can produce the process of 
“de-adhesion” in tissue remodelling. This pro-
cess may be significant in supporting cell motil-
ity during inhibition of cell anoikis [88].

To sum up, the normal adult heart contains 
CMs, a complicated system of ECM, and non-
myocytes that are more numerous than CMs. 
Every CM is encircled by collagen (endomy-
sium), and connective tissue (perimysium) 
demarcates individual fibbers. Also, the normal 
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mammalian heart has a rich vascular system 
consisted of capillary, venous and arteriolar 
endothelial cells, pericytes, smooth muscle 
cells, numerous CFs, minor numbers of macro-
phages, mast cells, lymphocytes and dendritic 
cells [88]. After an injury of sufficient degree, 
CMs diminish and develop into elongated or 
hypertrophied cells to sustain stroke volume 
[49, 50]. As well as, the width of ventricles wall 
may raise due to myocyte hypertrophy [48–50]. 
Changing of heart loading conditions like raised 
preload further causes stretching of cell mem-
branes and increases of wall stress both have 
the ability to initiate the effect of hypertrophy 
genes. More precisely, in cardiac myocytes may 
be triggered new contractile proteins synthesis 
joining with new sarcomere. The final result is 
believed to be CMs elongation or the increase 
of their diameter [91].

It seems that RV dysfunction is described in 
PAH or RV obstruction [21]. Patients with RV 
dysfunction are put together even though the 
CHD can initiate different molecular, cellular 
and functional remodelling in the RV [21]. In 
addition, the evaluation of RV function is mainly 
based on techniques which assess structure and 
function of RV (e.g. echocardiography, MRI 
and pulmonary angiography) instead of explor-
ing the cellular and the molecular irregularities 
of the RV dysfunction from CHD [21]. For 
instance, some studies demonstrated the altera-
tion of gene expression in signalling pathways 
that control heart growth in children with 
Tetralogy of Fallot (TOF). Modifications such 
as significant suppression of genes in the Notch 
and Wnt pathways, in VEGF gene expression 
and numerous ECM proteins are identified as 
factors that lead to TOF [92, 93]. Another 
genome-wide array study has demonstrated 
obvious difference in gene expression between 
the TOF and other RVH phenotypes, including 
VSD and ASD. Genes related with cardiac mal-
development such as SNIP, A2BP1 and 
KIAA1437 are more active in the TOF group, 
and genes linked with stress reaction and cell 
proliferation are more exhibited in the RVH 
conditions [94].

In addition, a molecular conversion from RV 
to LV characteristics appears for the period of RV 
adjustment to pressure overload, with the men-
tion that altered genes from RVH have a normal 
representation same to the normal LV tissue. 
Additionally, the association of tissue hypoxia 
and hypertrophy can boost the protein phospha-
tase PP1 activity leading to raised phospholam-
ban (PLN-Ser16) dephosphorylation in CMs, 
followed by cardiac dysfunction [95]. As already 
described, hypoxia-inducible factor-1 (HIF1α) is 
a further contributor factor in the RV adjustment 
to tissue hypoxia and mechanical stress. In acute 
hypoxia, HIF1α is cardioprotective based on its 
property to produce angiogenic, metabolic and 
erythropoietic genes [96]. Conversely, HIF1α 
sustain transforming growth factor beta TGFβ1-
mediated organ fibrosis in chronic hypoxic states 
[96]. Also, genetic differences of HIF1α change 
myocardial adjustment to hypoxia during post-
surgical period and before RV remodelling pro-
cess [97]. Therefore, the adjustment of RV to 
hypoxia prior to TOF surgery is based on the 
HIF1α pathway and could have an effect on RV 
phenotype after surgery.

4.3.4	 �Matricellular Proteins:  
TSP Family

It should be underlined that one of the matricel-
lular proteins, TSP family contains five members 
divided into two groups. TSP-1 and TSP-2 form 
homotrimers (Subgroup A), while TSP-3, TSP-4 
and TSP-5 (COMP) form homopentamers 
(Subgroup B) [73, 98–100] (Figs. 4.4 and 4.5).

These matricellular proteins induced by heart 
injury with CR named TSPs have a significant 
function during cardiac growth [101]. However, 
numerous TSP proteins activity increases to stress. 
They have the capacity to attach with the compo-
nents of the ECM such as cytokines and growth 
factors. In addition, it’s convenient at this point to 
discuss that pressure overload quickly raise TSP 
expression, mainly TSP-1 and TSP-4 [102, 103], 
and volume overload shows a significant raise in 
TSP-4 mRNA [104]. In most of the cases, the 
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mechanisms implied are same to the post-MI, as 
well as inflammation [105] and fibrosis [106].

4.3.5	 �Endoplasmic Reticulum Stress

Theoretically, stress factors such as hypoxia, isch-
emia/reperfusion, hypertrophy, pressure overload, 
and drug-induced insults can cause activation of 
endoplasmic reticulum (ER) stress in the heart 
[107]. ER stress being closely implied in the pro-
tection of cardiovascular homeostasis, it proves a 
significant therapeutic aim for cardiovascular dis-

eases treatment. Figure  4.6 shows a schematic 
illustration of ER stress pathways with particular 
highlighting on their role in cardiac physiology 
and pathology [108]. The ER stress response or 
‘unfolded protein response’ (UPR) is essential for 
normal cellular protection, but in CR like HF can 
generate apoptosis [107, 108]. A simplistic expla-
nation is TSP-1 and TSP-2 have anti-inflamma-
tory, pro-fibrotic, and antiangiogenic properties, 
as TSP-4 induces pro-inflammatory and pro-
angiogenic consequences [109]. Also, the TSPs 
are significant aims for stopping the evolution 
from MI to HF.
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Fig. 4.4  Structure of the two thrombospondin (TSP) sub-
groups. Subgroup A form homotrimers and consist of 
TSP-1 and TSP-2, while Subgroup B form homopentam-
ers and consist of TSP-3, TSP-4, and TSP-5 (COMP). 
Subgroup A has domains that bind to CD36 and inhibit 
MMPs. The N-terminal domains tend to be family mem-

ber specific, while the CTD has high homology between 
the family members. NTD N-terminal domain (specific to 
each family member), vWF-C vonWillebrand factor 
C-type domain, MMP matrix metalloproteinase, EGF epi-
dermal growth factor, CTD C-terminal domain. (From 
Kirk et al. [73] with permission)
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Fig. 4.5  Recent work has identified several roles for 
TSPs once the heart has transitioned to heart failure. The 
effects of the TSPs on matrix remodeling and inflamma-
tion are still important in HF. However, they also regulate 
a number of pathophysiologically important elements 

within the cardiac myocyte, which exhibits hypertrophy, 
apoptosis, and contractile dysfunction with HF. However, 
our knowledge of the mechanistic function of each of the 
TSPs in the HF myocyte is still incomplete. (From Kirk 
et al. [73] with permission)
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Fig. 4.6  ER stress signaling pathways. (a) PERK-
dependent pathway activated by ER stress. PERK, a trans-
membrane kinase and endoribonuclease, interacts with 
BiP/GRP78 under nonstressed conditions. On activation of 
ER stress, BiP/GRP78 dissociates from PERK, resulting in 
dimerization of PERK and activation of its kinase domain, 
autophosphorylation, and subsequent phosphorylation of 
eIF2α. Phosphorylation of eIF2α results in attenuation of 
protein synthesis. However, expression of ATF4 is not 
inhibited, and the transcription factor induces expression 
of ERSR-containing genes. (b) ATF6 pathway. Under non-
stress conditions, ATF6, a transmembrane protein local-
ized to the ER, interacts with BiP/GRP78 and calreticulin. 
After ER stress, BiP/GRP78 and calreticulin dissociate 
from ATF6, and the protein translocates to the Golgi, 
where it undergoes cleavage by S1P and S2P proteases. 

This cleavage yields a cytoplasmic transcription factor 
(N-ATF6) that translocates to the nucleus and induces 
ERSR-containing genes. (c) IRE1 pathway. IRE1 is an ER 
transmembrane protein containing a serine–threonine 
kinase domain and a carboxyl-terminal endoribonuclease 
domain in its cytoplasmic region and binds to BiP/GRP78. 
Under ER stress conditions, BiP/GRP78 is released from 
IRE1 followed by IRE1 homodimerization and autophos-
phorylation. Phosphorylation is essential for IRE1 endori-
bonuclease activity that is responsible for splicing of 
XBP1 mRNA, yielding spliced XBP1s mRNA encoding a 
potent transcription factor. The XBP1s splice variant binds 
to ERSE-containing promoters and activates ERSE genes. 
XBP1s also binds to a second cis-acting motif, termed the 
UPRE, resulting in upregulation of genes involved in 
ERAD. (From Groenendyk et al. [108] with permission)
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4.3.6	 �Pleiotropic Functions 
of Cardiac Fibroblasts (CFs)

In particular, CFs include over 50% of the cells 
in the adult heart [110] being implied in the 
development and deterioration of the cardiac 
ECM by generating collagens, proteoglycans, 
MMPs and TIMPs. As well, CFs produce differ-
ent bioactive mediators such as VEGF-A, fibro-
blast growth factors (FGFs), transforming 
growth factor beta (TGF-β), platelet-derived 
growth factor (PDGF) which affect cardiac 
angiogenesis and CM proliferation. Furthermore, 
CFs have an effect on cardiac electrophysiology 
by protecting CM bundles, spreading of electri-
cal signals, and changing mechanical stimuli in 
electronic signals [111]. In fact, CFs develop 
intracellular electrical coupling and intercon-
nect with CMs through gap junctions (Fig. 4.7) 
[112–114]. Also, CFs being the most abundant 
cardiac cell type, they monitor CM proliferation 
during heart development. Therefore, CFs acti-
vation is a critical early repair response after 
cardiac injury.

4.3.7	 �Collagen Synthesis 
and Degradation

Collagen is synthesized by interstitial CFs which 
are degraded by locally formed enzymes named 
collagenases, such as matrix metalloproteinases 
(MMPs). The cardiac interstitium consist of 95% 
of type I and type III collagen fibers. The most 
important roles of collagen network are to con-
trol apoptosis, fix pathological processes, pre-
serve the configuration of structures, control the 
resistance conduction during fiber shortening, 
and produce cytokines and growth factors [115]. 
Each heart has inactive myocardial collagenases 
in the ventricles but they are activated after a 
myocardial injury [116]. As already noted above, 
in any failing heart, CR primarily arises as a pre-
venting reaction to protect the myocardium struc-
ture, but with gradually collagen deposit can 
causes cardiac fibrosis with diastolic and systolic 
dysfunction [117–120]. Importantly, collagen 
XIV is necessary to produce and preserve the 
ECM network in the heart growth [121]. 
Throughout fibrosis process, CMs undertake 
hypertrophic modifications, while MyoFb con-
tinue with collagen production and scar forma-
tion at the site of injury. In addition, collagen XI 
is necessary for myocardial growth supporting 
the nucleation of type I and II fibrils [122]. 
Therefore, the increased activity of collagen type 
XI alpha 2 chain (COL11A2) gene can be corre-
lated with production of heterotypic fibrils with 
collagen I that is implicated in CR [123]. 
Nevertheless, persistence of CFs in injury area 
leads to chronic scar and remodelling [119].

According to evidence, the atypical deposit of 
type III collagen and type I collagen was discov-
ered in cardiac injury, produced by several sig-
nalling pathways such as TGF-β, endothelin-1 
(ET-1), angiotensin II (Ang II), connective tissue 
growth factor, and PDGF. In this situation, fibro-
sis is related with raised myocardial stiffness, 
decreased diastolic function, reduced contrac-
tion, failed coronary flow and malignant arrhyth-
mias [124, 125].

As a result, collagen has an important role in 
the protection of cardiac structure and function. 

Fig. 4.7  Cell Communication Between Cardiac 
Fibroblasts and Myocytes. Z-section of a cell aggregate 
containing cardiac fibroblasts that were dual loaded with 
Lucifer Yellow and CMRA and myocytes that were 
unloaded. Cardiac fibroblasts appear as yellow or orange 
cells. The orange cells are fibroblasts that have transferred 
their green dye to an adjacent cell (orange arrow). Note 
the green cells, which are myocytes that have received 
green dye from an adjacent fibroblast (white arrow). 
(From Souders et al. [112] with permission)
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In CR, the equilibrium between collagen pro-
duction and degeneration is altered with numer-
ous side effects. To prevent developing of CR to 
HF is necessary of timely developed stable scar 
that restores the injured tissue [126]. This equi-
librium is preserved to some extent by MMPs 
that alter the ECM and tissue inhibitors of MMP 
(TIMPs) [127, 128]. In case of post MI, numer-
ous mechanisms are run by CFs that change into 
MyoFb [129].

It should be noted, that there is a direct sup-
port between TSP-1 and the cardiac collagen. 
More important, TSP-1 and TSP-2 can preserve 
ECM normal structure by controlling the MMPs 
[73, 130, 131] (Table  4.2). TSP-1 and TSP-2 
can directly attach to MMP2 and MMP9 
through their Type 1 Repeats [132], but this 
attachment doesn’t cause their inhibition 
directly [133]. When TSPs perform their acti-
vation by TGFβ, this diminishes MMP tran-
scription [134]. Also, TSP-1 can attach to 
collagen V and fibrinogen [135, 136] and has-
ten fiber growth [137]. On the other hand, 
TSP-4 increases fibrosis by production of col-
lagens I, II, III, and V [138] that support its 
direct role on the ECM remodelling process 
[139]. Essentially, in order to regulate cardiac 
fibrosis, TSP-4 expression is controlled by the 
transcription factor Krüppel-like factor 6 
(KLF6) [140]. Also, TSP-4 triggers TGF-β [73] 
necessary for the transdifferentiation of MyoFb 
from CFs [141]. Further, MyoFb are indispens-
able to the cardiac fibrosis by production of  
collagen [142].

4.3.8	 �Apoptosis

There are three main mechanisms involved in 
myocyte death: apoptosis or programmed cell 
death, necrosis and autophagy. According to data, 
cardiac dysfunction is correlated with modifica-
tions produced by autophagy, that can be adap-
tive or deleterious [143–145]. Initially, Sharov 
et  al. have been suggested that raised cardiac 
apoptosis with CMs damage increases LV dys-
function with chronic HF [55]. Conversely, 
Olivetti et  al. showed on myocardial samples 
from patients who underwent heart transplanta-
tion that cardiac apoptosis was increased more 
than 200-fold in the patients with failing heart 
[57]. In general, apoptosis has an important func-
tion in cardiac growth and in various heart dis-
eases with ischemic and non-ischemic origin 
[146, 147]. However, the major mechanism of 
CM death from MI is the coagulation necrosis, 
even if apoptosis is also implied in CMs damage 
(Fig. 4.8) [148, 149].

It is important to note, that there is a fast trig-
gering of caspase-3 in MI during 1 h after the onset 
of ischemia [150, 151], and the process of CM 
apoptosis can be completed within 24 h (Figs. 4.9 
and 4.10) [42, 152, 153]. Previous reports have 
been shown that apoptosis is associated with unfa-
vourable CR and HF post-MI in case of ablated 
proapoptotic protein Bnip3 [154, 155]. Also, 
TSP-1 and TSP-2 trigger apoptosis in ECs from 
microcirculation [156, 157]. Apoptosis inhibits 
endothelial tubule development and consequently 
has antiangiogenic effect. Further, vitro studies 
showed that matricellular proteins relate with the 
transmembrane glycoprotein CD36 [157–162], 
being the mainly mechanism that causes the anti-
angiogenic effect. Also, Primo et  al. showed in 
cultured human ECs the inhibition of angiogenesis 
by the pathway of the VEGF receptor modulated 
by TSP-1 [163]. Attachment of TSP-1 to CD36 
causes apoptosis of ECs by raise of death receptors 
and Fas ligand [164].

ADAMTS-7 is a member of the disinteg-
rin and MMPs with TSP motifs (ADAMTS) 
family [73, 165], being newly recognized to 
be considerably correlated genome-wide with 

Table 4.2  Thrombospondin binding partners. From Kirk 
et al. [73] with permission

Protein ECM Cell surface
Signaling 
molecules

TSP-1 MMP2, 
MMP9, 
collagen V, 
fibrinogen, 
fibronectin

CD36, CD47, 
β1, β3 
INTEGRINS

TGF-β, 
VEGF Ca2+

TSP-2 MMP-2, 
MMP9

CD36, CD47 Ca2+

TSP-4 Collagens  
I, II, III, V

Β2, β3 
integrins

Atf6α
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a b

c d

e f

TUNEL Actin

Complement 9 Actin

Ubiquitin Actin

Fig. 4.8  Typical appearance of different types of cell death. 
(a, c, e) Confocal micrographs: counterstaining for actin, red; 
nuclei, blue; specific fluorescence, green. (b, d, f) Electron 
microscopic pictures (all bars = 2 μm). (a, b) Apoptotic cell 
death. (a) Nuclei with DNA fragmentation are green. (b) 
Nuclei show condensed chromatin. (c, d) Oncotic cell death. 

(c) Single cell oncosis labeled with C9. (d) Nuclei are elec-
tron-lucent with clumped chromatin, mitochondria are dam-
aged with flocculent densities. (e, f) Autophagic cell death. 
(e) Ubiquitin deposition and loss of nuclei. (f) Ultrastructural 
appearance with numerous autophagic vacuoles. (From 
Kostin et al. [148] with permission)
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Fig. 4.9  Schematic depiction of 
pathways leading to programmed 
cardiomyocyte death, as described 
in the text. Mechanisms of cell 
death (bottom) are, from left to 
right, caspase-dependent apoptosis, 
caspase-independent apoptosis, 
programmed necrosis, and 
authophagy. Solid lines show 
primary effects; interrupted lines 
depict cross-talk between pathways. 
(From Dorn [152] with permission).

a

b c

Fig. 4.10  Demonstration of apoptosis. (a) Labelling of 
nuclear DNA fragmentation using terminal deoxynucleo-
tidyl transferase mediated dUTP nick end labelling 

(TUNEL). Colocalisation of (b) TUNEL and actin and of 
(c) TUNEL and activated caspase 3. (From Bussani et al. 
[42] with permission)
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angiographic CAD [73, 166]. It has been pre-
viously confirmed that ADAMTS-7 support 
VSMCs migration and post injury neointima 
production via degradation of the matrix pro-
tein ‘Cartilage Oligomeric Matrix Protein’ 
(COMP or TSP-5) [73, 167]. Same researchers 
demonstrated that ADAMTS-7 breaks down 
the TSP-1 with re-endothelialization preven-
tion [73, 168]. Also, the extracellular proteases 
thrombin, cathepsins, leukocyte elastases and 
plasmin can degenerate the TSPs [169].

Autophagy is defined as the intracellular pro-
cess that removes needless cytoplasmatic compo-
nents by lysosomes [144]. To date, the 
ubiquitin-proteasome system (UPS) and the 
autophagic-lysosomal pathway (ALP) are two 
major pathways in charge for most cellular pro-
teins deterioration. Modifications of UPS and 
ALP pathways are correlated with the increase of 
proteotoxic defective proteins in the heart, a char-
acteristic of frequent heart disease [144]. Acute 
ALP inhibition (proteasome inhibition) boost 
occasionally ‘intrinsic proteasome peptidase 
activities’, but chronic ALP inhibition blocks 
UPS pathway functioning in ubiquitinated pro-
tein stage [144]. As a result, autophagy has a sig-
nificant function in proteotoxicity prevention by 
the ubiquitin system [144], and chaperones (heat 
shock protein-HSP) [145]. Particularly, the co-
chaperones Bag3 and HspB8 have significant role 
in the heart autophagy by chaperone-assisted 
selective autophagy [170, 171]. Regardless of 
myocyte death, the gradual decrease of CMs thas 
a significant function in CR and could be a poten-
tial target for therapeutic interventions.

4.4	 �Fibrosis

Just as RV fibrosis is commonly seen in the set-
ting of both severe RV afterload and chronic 
pulmonary regurgitation, LV fibrosis is com-
mon in both aortic stenosis and regurgitation 
[172–174]. At the site of MI, acute focal fibrotic 
scarring provides myocardial healing and pre-
vents rupture [175]. In contrast, chronic diffuse 
or focal reactive myocardial fibrosis is a result 
of either pressure overload or volume overload 

due to persisting hypertension, metabolic dis-
orders, valvular heart diseases, ischemic injury 
(in areas remote from the infarction), or diffuse 
myocardial diseases, such as cardiomyopathies 
[175].

Myocardial fibrosis is defined by dysregulated 
collagen turnover characterized by increased 
synthesis that dominates over unaffected or 
reduced degradation [176, 177] with excessive 
diffuse collagen accumulation in the interstitial 
and perivascular spaces [178]. For that reason, 
the dysregulation of distinct pro- and antifibrotic 
factors, including cytokines and chemokines, 
growth factors, proteases, hormones, and ROS, is 
responsible for the alteration of the collagen 
matrix (Fig. 4.11) [179, 180].

The degeneration of collagen turnover takes 
place mainly in phenotypically transformed fibro-
blasts, termed MyoFb [79, 181]. The shift of CFs 
in MyoFb implies the expression of α-SMA, a 
characteristic of SMCs [79, 181–186]. As well as, 
the development of a wide active ER stimulated 
by a number of bioactive effectors [79, 181–186]. 
CFs and particularly MyoFb form collagen type 
I and III fibrils and develop into cross-linked to 
form the final fibres [176]. Collagen cross-linking 
is a significant post-translational stage that raises 
the resistance of collagen fibres to degradation by 
MMPs [187, 188]. Only that, myocardial fibrosis 
disrupts the myocardial architecture, contributes 
to myocardial disarray, and determines mechani-
cal [189], electrical [190, 191] and vasomotor 
[192] dysfunction, thus promoting the progres-
sion of cardiac diseases to HF [175]. Fibrosis is 
induced by various genetic disorders, pressure or 
volume stress, heart injuries, and other diseases. 
There is evidence that depending on the particu-
lar trigger, distinct molecular pathways have 
varying importance for the individual types of 
fibrosis. As the development of myocardial fibro-
sis is characterized by a complex dysregulation 
of a number of different factors including inflam-
matory chemokines, angiotensin II (Ang II), and 
endothelin signalling, the FIBROTARGETS con-
sortium that is a multinational consortium with 
industrial and academic partners, funded by the 
European Commission is primarily aimed for 
characterizing novel emerging mechanisms of 
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myocardial fibrosis [180]. Targets and biomarkers  
under investigation include especially proteins, 
proteoglycans, and microRNAs (miRNAs) [180].

In increased volume loading, the RV appears 
more prone than the LV to develop fibrosis [63]. 
Similarly, patients after surgical repair of TOF 
who have long-standing RV volume load second-
ary to pulmonary insufficiency develop RV fibro-
sis [172]. This is clinically important as risk 
factor for increased propensity to arrhythmias, 
exercise intolerance, and RVF [172, 193]. It has 

been suggested that these differences in response 
between the RV and LV to volume loading may 
stem from the different embryological origin of 
the two ventricles [63].

Several single or multimodal imaging technol-
ogies have been used to assess the extent and type 
of myocardial fibrosis. Besides the direct mor-
phological display of the fibrotic tissue, indirect 
cardiac functional imaging may evidence fibro-
sis correlated with decrease of systolic function 
and increased myocardial stiffness with diastolic 
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Fig. 4.11  Schematic representation of biochemical and 
cellular mechanisms of cardiac fibrosis. Under physiolog-
ical conditions (left), fibroblasts secrete extracellular pro-
collagen chains into the interstitium that assemble into 
fibrils and are cross-linked by lysyl oxidase. Several cell 
types are implicated in fibrotic remodelling of the heart 
either directly by producing matrix proteins (fibroblasts), 
or indirectly by secreting fibrogenic mediators (macro-
phages, mast cells, lymphocytes, cardiomyocytes, and 
vascular cells). Under pathological conditions (right), 
alterations in the matrix environment, induction and 
release of growth factors and cytokines, and increase of 
mechanical stress dynamically modulate fibroblast trans-

differentiation into myofibroblasts. Higher collagen cross-
linking results in increased myocardial tensile strength. 
Resistance to degradation by matrix metalloproteinases 
(MMPs) increases cross-linked collagen, which favours 
matrisome expansion. Pink, grey, and green boxes list part 
of the secretome of mycocytes, myofibroblasts, and mac-
rophages/leucocytes/mast cells, respectively, that trigger 
and maintain fibrosis. Gal-3 galectin-3, IL interleukin, 
PDGF platelet-derived growth factor, RAAS renin–angio-
tensin–aldosterone system, ROS reactive oxygen species, 
TGF transforming growth factor, TNF tumour necrosis 
factor. (From Gyöngyösi et al. [179]. It is an open access 
article)
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dysfunction [175]. Cardiac magnetic resonance 
imaging (MRI) provides detailed tissue charac-
terization, identifying focal myocardial fibrotic 
scars with late gadolinium enhancement (ventric-
ular LGE) and an estimation of diffuse myocar-
dial fibrosis with post-contrast enhanced T1 and 
T2 mapping (Fig. 4.12) [179, 194].

Positron emission tomography (PET) imag-
ing performed by using 15O-labelled water 
(H2

15O) and carbon monoxide (C15O) allowed 
the non-invasive quantification of both myocar-
dial perfusion and fibrosis [195]. Combining 
PET and MRI has the potential for sensitive and 
quantitative imaging of cardiovascular anatomy 
and function with detection of molecular events 
at the same time [196, 197]. It’s worthwhile to 
specify that PET–MRI (Biograph mMRI, 
Siemens AG) image allows the simultaneous 
detection of myocardial global and regional 
function, ECM volume, and tissue perfusion and 
metabolism [198].

Histopathological analysis of endomyocardial 
biopsy specimens is the current gold standard for 
diagnosis and assessment of cardiac fibrosis. A 
number of circulating biomarkers, including 
(pro-) collagen cleavage products, processing 
enzymes, but also miRNAs (Table  4.3), have 

been proposed and analysed [179]. Details of 
these biomarkers and potential targets have been 
described previously including proteins and pro-
teoglycans that impact fibrosis and miRNAs that 
act in fibrosis [180]. For their use as cardiac 
fibrosis biomarkers, it seems reasonable that a 
combination of several from these increases the 
predictive power, particularly in the case of miR-
NAs [199, 200].

As a consequence, the treatment of HF patients 
improves clinical symptoms, but does not reverse 
fibrosis. Furthermore, the severity of histological 
proven myocardial fibrosis has been reported to 
be associated with higher long-term mortality in 
patients with cardiac diseases, mainly patients 
with HF [200, 201].

4.4.1	 �miRNAs

Genetic variations exist among the RV and 
the LV.  Drake et  al. [71] note the dissimilar-
ity between gene expression patterns in normal 
RV and LV in both mRNA and microRNAs 
(miRNA) types. More precisely, the transcrip-
tion factor Irx2 is not exhibited in the RV but 
insulin-like growth factor 1 (IGF-1) is exhibited 

a b c

Fig. 4.12  Representative native and T1 cardiac magnetic 
resonance imaging (cMRI) of diffuse myocardial fibrosis. 
(a) Diffuse myocardial fibrosis on the short-axis view of 
the cMRI image, with the circumference of the anterosep-
tal myocardial area (region of interest). (b) cMRI T1 map 

of a patient with moderate aortic stenosis and moderate 
diffuse myocardial fibrosis. (c) cMRI T1 map of another 
patient with severe aortic stenosis and severe diffuse 
fibrosis of the left ventricle. (From Gyöngyösi et al. [179]. 
It is an open access article)
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mainly in the LV.  Moreover, same team made 
the assumption that these dissimilarities can be 
the result of different embryologic origin or the 
RV is a low-pressure chamber compared to the 
LV. Also, Reddy et al. [66] demonstrated firstly 
that changes in miRNAs exist in RV remodeling 
from RVH to RVF and are mostly comparable to 
pressure-stressed LV but with separate signalling 
regulatory pathways.

RV dysfunction is described entirely in RV 
obstruction or PAH [21]. Only that, all patients 
with RV dysfunction are put together regardless 
of the fact that CHD have various functional, 
molecular and cellular remodelling patterns in 
the RV [21] (Fig. 4.13). Blood biomarkers, sim-
ilar to plasma proteins and miRNAs represent 
an important way to evaluate the function and 
remodelling of RV [21]. Heart miRNAs are 

Table 4.3  Potential circulating biomarkers for assessment of cardiac fibrosis

Biomarker candidates Role and correlation to fibrosis
Evidence of associatioan  
with myocardial fibrosis

ECM formation

1. �Procollagen type I C-terminal 
propeptide (PICP)

1. �Cleaved enzymatically from procollagen I 
(collagen biosynthesis)

1. Yes

2. �Procollagen type I N-terminal 
propeptide (PINP) Unknown

2. Unknown

3. �Procollagen type III N-terminal 
propeptide (PIIINP)

3. �Cleaved enzymatically from procollagen III 
(collagen biosynthesis)

3. Yes

4. �Collagen type I C-terminal 
telopeptide (CITP)

4. �Cleaved by MMP-1 (collagen I degradation), 
PICP:CITP ratio corresponds to  
collagen turnover

4. Inconclusive

Fibrolytic enzymes

1. MMP-1 and other MMPs 1. Degrades collagens I, II, and III 1. Unknown

2. TIMP-1 and other TIMPs 2. Inhibits MMPs 2. �No (TIMP-1),  
unknown (others)

miRNAs

1. miR-21 1. �Correlation with fibrosis in aortic stenosis 1. Inconclusive

2. miR-29a 2. �Correlation of plasma levels with 
hypertrophy and fibrosis in HCM, reduced 
cardiac expression

2. Unknown

3. miRNA panels 3. �Concomitant quantification of several 
miRNAs increases the diagnostic and 
prognostic value

3. Unknown

Others

1. TGF‐β1 1. �Promotes myofibroblast transactivation and 
ECM synthesis, deactivates macrophages

1. Inconclusive

2. Osteopontin 2. �Matricellular protein involved in  
macrophage regulation

2. No association

3. Galectin‐3 3. �Galactosamine binding protein associated 
with collagen deposition of fibroblasts

3. Inconclusive

4. Cardiotrophin‐1 4. �Cytokine associated with cardiac fibrosis 4. No association

5. Natriuretic peptides 5. �Triggered by myocardial stretch, correlate 
with HF

5. Unknown

From Gyöngyösi et al. [179]. It is an open access article
ECM extracellular matrix, HF heart failure, HCM hypertrophic cardiomyopathy, miRNA microRNA, MMP matrix 
metalloproteinase, TIMP tissue inhibitor of metalloproteinases, TGF transforming growth factor
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constant and quantifiable discharged in the blood 
flow as exosomes, microvesicles or joining with 
high-density lipoproteins (HDL) and RNA-
binding proteins [21].

There are numerous disrupted miRNAs during 
CR and RHF [21, 202–205] (Fig. 4.14). miRNAs 
are non-coding single-stranded RNAs formed from 
19–24 nucleotides that adjust in the negative way 
the exhibition of a particular mRNA via transla-
tional degeneration or suppression [206]. According 
to data, there have been shown in children with 
VSD in comparison with controls eight various 
miRNAs. Particularly, NOTCH1 is implied in ven-
tricular growth, and GATA4 has an important func-
tion in atrial and ventricular growth, heart partition, 
and atrioventricular valve development [21, 207].

A low number of studies have studied the 
blood miRNAs in adult patients diagnosed with 
systemic RV [21]. Patients with the RV as the SV 
after transposition of the great arteries (TGA) 

had altered miRNAs profile. On the whole, from 
the 24 miRNAs various regulated, miRNA18a 
and miRNA486-5p related negatively with sys-
temic ventricular contractility [21, 208]. Also, 
miRNA423_5p defined as a biomarker of LVF, 
has same expression in healthy adults and in SV 
after atrial repair of TGA adults [21, 209].

It seems that gene expression in signalling is 
changed in heart growth of children with TOF 
[21]. Alteration of VEGF gene expression and of 
a number of ECM proteins is established as con-
tributors of TOF [92]. Important inhibition of 
genes in the Notch and Wnt pathways implied in 
heart growth are also found in children with TOF 
[21, 93]. Even if RVH is a component of TOF, 
there is a clear molecular difference between 
TOF and RVH gene expression, including VSD 
and ASD [21]. Whereas TOF children have 
unregulated genes for heart growth such as SNIP, 
A2BP1 and KIAA1437, RVH has a higher 
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Fig. 4.13  Dysregulated miRNAs in congenital heart 
diseases (CHDs). A figure showing the link between 
CHD and miRNAs in cardiomyocytes. Small number 
of miRNAs are upregulated in cardiomyocyte during 
CHD.  These miRNAs can be released from the cell in 
microvesicles, by incorporation into exosomes, by link-
age to high-density lipoproteins or bound to RNA-binding 

proteins. Dysregulated levels of miRNAs, crucial in RV 
development, are found in the bloodstream of children 
with VSD. The differentially expressed has-miR-222-3p, 
has-let-7e-5p and has-miR-433 bind with specific tran-
scription factors (NOTCH1, GATA4, HAND1 and ZFPM) 
associated with RV morphogenesis. (From Iacobazzi et al. 
[21]. It is an open access article)
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expression of genes implied in stress reaction and 
cell proliferation [21, 94]. What’s more, there is a 
molecular conversion from RV to LV features 

that appears during RV adjustment to pressure 
overload, as a result dysregulated gene pheno-
type from RVH is same with normal LV [21]. 

Normal

Cardiac-
conduction

system
RV RV

LV LV

Cell-cycle
regulators

miR-1/miR-133

Pacemaker/
ion channels

miR-208a

Transcriptional
regulators

Cardiac
conductionProliferation

miR-1

miR-29 miR-21

miR-208
miR-199miR-320

miR-23a

Hypoxia

miR-133

Differentiation

ECM
components

MAPK
signalling

Fibrosis
Transcriptional

regulators

Myosin
switching

Hypertrophy Apoptosis

Ubiquitin
proteolysis

α-MHC mRNA

Cardiomyocyte
Fibroblast

Fibrosis

Injury

Hypertrophic

Fig. 4.14  Functional role of miRNAs in the normal and 
diseased heart. A normal and a hypertrophic heart are 
shown in schematic form, depicting miRNAs that contrib-
ute to normal function or pathological remodelling. The 
expression of selected miRNAs within the heart is shown, 
along with their corresponding functions. All arrows 
denote the normal action of each component or process. 
miR-1 and miR-133 are involved in the development of a 
normal heart (left) by regulating proliferation, differentia-
tion and cardiac conduction. For example, proliferation is 
promoted by cell-cycle regulators, but miR-1 and miR-
133 block these regulators, thus blocking proliferation. 
miR-208a also contributes to the regulation of the conduc-
tion system. After cardiac injury (right), various miRNAs 

contribute to pathological remodelling and the progres-
sion to heart failure. miR-29 and miR-21 block and pro-
mote cardiac fibrosis, respectively. miR-29 blocks fibrosis 
by inhibiting the expression of ECM components, whereas 
miR-21 promotes fibrosis by stimulating mitogen-acti-
vated protein kinase (MAPK) signalling. miR-208 con-
trols myosin isoform switching, cardiac hypertrophy and 
fibrosis. miR-23a promotes cardiac hypertrophy by inhib-
iting ubiquitin proteolysis, which itself inhibits hypertro-
phy. Hypoxia results in the repression of miR-320 and 
miR-199, which promote and block apoptosis, respec-
tively. ECM extracellular matrix, LV left ventricle, MHC 
myosin heavy chain, RV right ventricle. (From Small et al. 
[205] with permission)
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Another study based on cardiac tissues from RV 
in CHD [95], found dissimilar miRNAs in RV 
outflow tract obstruction (RVOT) in comparison 
with RVOT of normal infants [210]. Specifically, 
miRNA-424 and miRNA-222 had higher expres-
sion and they correlated with the decrease of 
heart growth being correlated with NF1 and 
HAS2 genes. Correspondingly, the increased 
expression of miR-421  in RV tissue from chil-
dren with TOF is correlated with SOX4 gene nec-
essary for cardiac outflow tract formation 
(Fig. 4.14) [21, 211, 212].

miRNA 133a is thought to suppress cardiac 
fibrosis and is decreased in LVF secondary to aortic 
constriction [213, 214]. This aligns with the marked 
upregulation of connective tissue growth factor/
CCN2 and other profibrotic signalling molecules in 
the course of RV and LV fibrosis in models of RV 
afterload and RVF [71, 88, 215]. In contrast, miRNA 
21 and 34c* may increase during LVF but decrease 
in RVF [71]. Reddy et al. [66] investigated miRNAs 
during the transition from RVH to RVF and com-
pared these with miRNA expression in LVH or 
LVF. During RVH, there was altered expression of 
miRNAs 199a-3p, which is associated with CM sur-
vival and growth. With the progression to RVF and 
switching on the foetal gene phenotype, there was 
increased miRNA 208b, miRNA 34, miRNA 21, 
and miRNA1, which are associated with apoptosis 
and fibrosis [83]. These patterns of miRNA expres-
sion are largely related to LVH and LVF. Conversely, 
there are important distinction relating RV and LV 
miRNAs linked to cell survival, proliferation, metab-
olism, ECM production, and proteasome malfunc-
tion (miRNA 28, miRNA 148a, and miRNA 93), 
which were unregulated in RVH or RVF and down-
regulated or unchanged in LVH or LVF [66].

Common findings in both RVH and LVH are 
collagen deposition, fibrosis, and ECM remodel-
ling [216]. The mechanisms inducing fibrosis are 
multiple, and in the setting of increased ventricu-
lar afterload, recognized triggers may include 
regional ischemia, necrosis, and apoptosis, 
among others [176]. There is an important match 
of the miRNA expression phenotype in human 
HF and foetal hearts in comparison with the adult 
normal heart tissue [204]. More studies data are 
necessary for a higher knowledge of these sub-

cellular events that can guide to the development 
of new ventricle-specific treatments [217].

4.5	 �Other Factors

Factors that can also contribute to CR comprise 
endothelin, cytokines (tumor necrosis factor-
alpha-TNFα and interleukins) [218], oxidative 
stress, MMPs, and peripheral monocytosis [219].

Endothelins (ET) are powerful vasoconstrictor 
peptides which increase in HF.  The endothelin 
family of peptides is typically recognized for its 
vasoconstrictive properties. There are two known 
receptors for ET-1 in the heart, the ETA and ETB 
receptors, which have been shown to play differ-
ing and sometimes opposing roles. Importantly, 
ET-1 activation of the ETA receptor is known to 
increase collagen production in isolated human 
CFs [220]. Furthermore, MyoFb isolated from 
scar tissue after experimental MI have elevated 
levels of ET-1, suggesting an important function 
for ET within these cells [221].

ET-1 is a 21-amino acid peptide formed and 
discharged by the ECs and it has a quickest 
vasoconstrictive effect [222]. Cardiac ET-1 is 
active in both autocrine and paracrine effects by 
attaching to ETB receptors from cardiac ECs and 
ETA receptors from CMs [222]. The attachment 
of ET-1 to ETB receptors causes the discharge 
of signalling molecules such as NO and pros-
taglandin I2 [222]. If ET-1 attaches to the ETA 
receptors from CMs, it triggers CM constriction 
[222, 223]. As a consequence, there may exist 
a feedback mechanism concerning cardiac ECs 
and CMs that run CM constriction by the ET-1 
system [222]. Also, patients with HF have raised 
exhibition of cardiac ET receptors and raised 
plasma ET-1 levels, both linked with disease 
severity [224]. ET antagonists they will be addi-
tionally efficacious in the treatment of pathologi-
cal fibrosis in the heart [225]. Preliminary trials 
in humans had demonstrated beneficial hemody-
namic and cardiac effects in patients with end-
stage HF [226].

Cytokines (tumor necrosis factor-alpha TNFα 
and interleukins) are small peptides or glycopro-
teins that are discharged by nucleated cells [227]. 
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Their temporary discharge adjust immune or 
repair processes by controlling cells growth, pro-
cess of differentiating, metabolism, and protein 
synthesis [228]. Fibrinogen is an acute inflamma-
tory regulator discharged by hepatocytes trig-
gered by different cytokines. Also, CRP is an 
acute-phase reactant synthesized and discharged 
largely by hepatocytes in response to the cyto-
kine IL-6. The highest levels of CRP are corre-
lated with MI size but are reduced by early 
reperfusion [229]. It seems that IL-3 is a new bio-
marker of inflammation and can induce the mul-
tiplication of lymphocytes, macrophages, 
neutrophils, and monocytes with infiltration of 
heart where trigger the discharge of cytokines 
from CMs. Moreover, IL-3 can have significant 
functions in tissue repair. Understanding better 
inflammatory response could offer measurable 
ways of immune injury to tissues.

Leukocytosis was studied especially in MI 
[230, 231]. The ischemic-reperfusion stage pro-
duces the discharge of oxygen free radicals, cyto-
kines, and other inflammation markers [231]. 
The presence of leukocytes in the microcircula-
tion is followed by inflammatory reaction [232]. 
The transfer of leukocytes from blood flow to the 
vessel wall with tissue injury and inflammation is 
regulated by the selectin family of adhesion  
molecules with attachment of leukocytes to the 
ECs by involvement of integrins and diapedesis 
[233, 234]. Recruitment of leukocytes is medi-
ated by complement triggering, TGF-β, IL-8, 
monocyte chemotactic protein-1 (MCP-1), and 
platelet activating factor (PAF) [235]. Also, the 
collection of neutrophils in the ischemic-reperfu-
sion tissue could discharge proteolytic enzymes 
or ROS with further injury of myocytes. ROS 
directly injure CMs and vascular cells, and by 
triggering cytokines causes inflammation [236, 
237]. Marginated neutrophils exert powerful 
cytotoxic effects through the adhesion with inter-
cellular adhesion molecule-1 (ICAM-1) express-
ing CMs [235]. CD11b/ICAM-1 adherence 
activates the neutrophils respiratory burst result-
ing in myocyte oxidative injury [235].

Oxidative Stress produces important alteration 
of sarcolemmal and sarcoplasmic reticulum (SR) 
membrane, causing raise of intracellular Ca2+ 

levels with severe contraction of CMs, followed 
by mitochondrial damage and cell death [238, 
239]. Specifically, ROS and redox signaling have 
an important function in apoptosis, including 
upstream signaling pro-apoptotic pathways and 
the mitochondria [240, 241]. There are signaling 
pro-apoptotic pathways that comprise the activa-
tion of ASK-1, JNK, p38MAPK, and CaMKII, as 
well as signaling anti-apoptotic pathways, such 
as Akt, Bcl2, and HSPs [241].

The cell resources of ROS comprise mito-
chondrial respiratory chain enzymes, xanthine 
oxidases (XOs), lipoxygenases, myeloperoxi-
dases, uncoupled nitric oxide synthases (NOSs), 
and Nox proteins [242, 243]. Moreover, the 
important sources of ROS in the cardiovascular 
system comprise mitochondria, NADPH oxi-
dases, NOSs, xanthine oxidases, cytochrome 
P450-based enzymes, and infiltrating inflamma-
tory cells [243]. ROS are represented by free 
radicals (species with one or more unpaired elec-
trons) such as superoxide (O2•−) and hydroxyl 
radicals (OH•), and nonradical species such as 
hydrogen peroxide (H2O2) [243]. In healthy 
adults, production of ROS is inhibited by enzy-
matic and nonenzymatic antioxidant systems that 
decrease ROS levels with preserving of a right 
redox balance in cells and tissues [243].

The first report of the presence of NADPH 
oxidases in human myocardium is of Heymes 
et al. [244]. NADPH or NADH-dependent ROS-
generating activity are existent in nonphagocytic 
cell types [243], including VSMC [245, 246], 
ECs [247, 248], adventitial and CFs [249], and 
CMs [250]. Noxs are multi-subunit transmem-
brane enzymes that use NADPH as an electron 
donor to decrease oxygen to superoxide anion 
(O2−) and hydrogen peroxide (H2O2) [243]. 
Firstly, Noxs were described in phagocytes with 
the description of the Nox2 isoform that it also 
named gp91phox) [243, 251]. The rest comprise 6 
other family members each coded by dissimilar 
genes, identified as Nox1, Nox3, Nox4, Nox5, 
dual oxidase 1 (Duox1), and Duox2 [243, 252–
254]. All forms of Nox proteins demonstrate 
21–59% similarity to Nox2, from which Nox3 is 
most alike with Nox2 and Nox5 mostly unrelated 
[243].
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Therefore, the NADPH oxidase (Nox) family 
(Fig.  4.15) is formed from 7 catalytic subunits 
termed Nox1-5 and Duox1 and Duox2 (for Dual 
Oxidase), regulatory subunits p22phox, p47phox or 
Noxo1, p67phox or Noxa1, p40phox. Further, the 
Nox1, 2, 4 and 5 enzymes are existent in normal 
cardiovascular tissues, and trigger the progres-
sion of cardiovascular disease. Nox enzymes are 
located in VSMCs, ECs, adventitial fibroblasts, 
macrophages, CMs and fibroblasts, plus adipo-
cytes and stem cells. They are associated with 
hypertension, atherosclerosis, HF, ischemia 
reperfusion injury and CR, but upregulation can 

be physiologically beneficial such as in angio-
genesis [243, 244, 255, 256]. The acutely upregu-
lation of cardiovascular NADPH oxidase activity 
by a large various patho-physiological stimuli 
comprise [243] (a) G-protein coupled receptor 
agonists such as Ang II and ET-1; (b) growth fac-
tors such as VEGF, thrombin, PDGF, and EGF; 
(c) cytokines such as TNF-β, IL-1 and TGF-β; (d) 
metabolic factors such as elevated glucose, insu-
lin, free fatty acids, and advanced glycation end 
products (AGE); (e) oxidized LDL, lysophospha-
tidylcholine, and hypercholesterolemia; (f) 
mechanical forces such as oscillatory shear 
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Fig. 4.15  Structure of NADPH oxidase in the heart. 
NADPH oxidase complex is composed of two major com-
ponents. Plasma membrane spanning cytochrome b558 
composed of p22phox and a Nox subunit (gp91phox (Nox2), 
Nox4) and cytosolic components composed of four regu-
latory subunits (p47phox, p67 phox, p40 phox and Rac1). The 
low molecular weight G protein rac1 participates in 
assembly of the active complex. Upon activation, cyto-
solic components interact with cytochrome b558 to form 

an active NADPH oxidase enzyme complex, resulting in 
release of ·O2−. The primary Nox subunit isoforms in car-
diac cells are Nox2 and Nox4. Nox4 oxidase localizes 
intracellular organelles around the nucleus. The activity of 
Nox4 results in the direct release of hydrogen peroxide 
(H2O2) in mitochondria. The mechanisms underlying the 
generation of hydrogen peroxide by Nox4 oxidase are yet 
to be fully characterized. (From Kayama et  al. [255].  
It is an open access article)
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stress; and (g) ischemia-related stimuli such as 
nutrient deprivation, membrane depolarization, 
flow cessation, hypoxia–reoxygenation, and isch-
emia [243].

Nox2 and Nox4 are the mainly isoform 
exhibited in CMs. Triggered Nox2 is mainly 
exhibited at the plasma membrane [244]. 
According to data, Nox derived ROS are implied 
in CM apoptosis. Pro-apoptotic signaling path-
way and generation of CaMKII in pro-apoptotic 
signaling pathway are triggered both by Ca2+, 
by Nox2-derived ROS, and downstream of Ang 
II [257]. Norepinephrine,  aldosterone, and 
doxorubicin are also reported to promote CM 
apoptosis through the activation of Nox2 [258–
260]. Contrary to Nox2 function in Ang 
II-induced cardiac hypertrophy, Nox2 is not 
implied in cardiac hypertrophy induced by 
pressure overload (Fig. 4.16) [261]. The major 
agonists and stimuli of Nox2 activation in CMs 
and ECs comprise G-protein coupled receptor 
agonists (GPCRs) such as Ang II and ET-1, 
growth factors, cytokines (TNF-α), mechanical 
forces, metabolic factors (glucose, insulin), 
glycated proteins [262], and oxidized low-den-
sity lipoprotein (ox-LDL) (Fig. 4.17) [261, 263, 
264]. To sum up, evidence supports different 
functions for Nox2 and Nox4  in hypertrophic 
reaction to pressure overload [243]. Important 
redox-sensitive downstream signaling path-
ways in the heart that can be affected by 
NADPH oxidase activation such as RAS, the 
MAPKs (p38MAPK, ERK1/2, JNK), c-src, 
p90RSK, the PI3 kinase (PI3K)/Akt pathway, 
AP-1, NF-ĸB, HIF-1, and others [243].

In case of RV, metabolic and ischemic mod-
ifications typical to RV remodelling are also 
correlated with accumulation of ROS [21, 265] 
(Fig. 4.18). The presence of ROS activates the 
cellular and molecular modifications with 
decrease of contractile function, lacking of 
energy production and fibrosis. Alteration of 
SM channels by oxidative stress produces 
damaging of RyR2 activation and decrease of 
sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) activity, as a result appears tempo-

rary malfunction of myocyte Ca2+ and contrac-
tile dysfunction [21, 92]. Additionally, 
increased ROS amounts cause conversion of 
nitrotyrosine rests in TIMPs and discharge 
active MMPs with CR and fibrosis [21, 266]. 
To date, vivo studies with histological exami-
nation of collagen content in RV samples from 
pulmonary artery showed a significant raise of 
ROS, important collagen deposition with high 
levels of MMP-2, MMP-9 and MMP-13 and 
diminished TIMP-4 protein amounts. 
Additionally, ROS are second messengers 
within CMs for numerous signalling molecules 
(ATII, TGFβ1, TNFα and ET-1) to generate 
hypertrophic pathways including MAPKs, 
PKC and Src [21, 62]. Taken together, raised 
amounts of ROS can damage cellular, molecu-
lar and structural components with CR and 
failure. It is important to underline that malo-
ndialdehyde levels represent an indirect index 
of oxidative stress and are notably elevated in 
the RV in comparison with the LV. To sum up, 
these features support a decreased resistance of 
RV in oxidative stress being a contributor in 
the development of HF [267].

Peripheral Monocytosis is a sign of mono-
cyte and macrophage infiltration of the necrotic 
myocardium which arises two to three days 
after an acute MI.  Likewise, a higher peak 
monocyte level is related with a larger LV end-
diastolic volume and inferior LVEF.  It was 
shown that a peak monocyte count ≥900/μL 
independently predicts HF, LV aneurysm for-
mation, and cardiac events [219]. It should be 
stressed that monocytes have the capacity to 
generate and discharge inhibitory mediators of 
inflammation such as IL-10 and TGF-β [268]. 
There are varied monocytes with different 
functions in inflammatory response showed in 
humans such as CD16-monocytes that exhibit 
important amounts of CCR2 with pro-inflam-
matory properties same to murine Ly6Chi cells 
[268]. Further, inhibition of inflammatory sig-
nal pathways is correlated with Ly6Clo/
CX3CR1hi monocytes entrapment that gener-
ates angiogenic mediators with infarct healing. 
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a b

c d

e f

g h

Fig. 4.16  Representative immunofluorescence micro-
graphs of human heart sections labeled for the nicotinamide 
adenine dinucleotide 3-phosphate (reduced form) oxidase 
subunit gp91phox. Panels a, c, e, and g show nonfailing heart 
tissue and panels b, d, f, and h show end-stage failing tis-
sue. Transverse (a, b) and longitudinal (c, d) sections 

labeled for gp91phox show increased labeling in end-stage 
heart failure. Labeling for alpha-actinin (e, f) shows a typi-
cal intracellular pattern of myocyte costamer and interca-
lated disc labeling. Panels g and h show suprerposition of 
gp91phox and alpha-actinin labeling. All scale bars = 20 μm. 
(From Heymes et al. [244] with permission.)
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On the other hand, in patients with ST eleva-
tion MI, CD14+/CD16-cells have an early peak 
and are negatively correlated with heart recov-
ery [269].

4.6	 �Factors Influencing Cardiac 
Remodelling

4.6.1	 �Myocardial Infarction

It is the most frequent condition in which CR 
comes about. Taken together, heart ischemia 
leads to ‘necrotic cell death’. Further, the post-
MI evolution implies apoptosis, inflammation, 
ECM remodelling, fibrotic scar formation, pro-
liferation and differentiation of MyoFb, angio-
genesis, and scar maturation [21]. All these 
reactions are determined to cause healing on 
short term, but they produce evolution to HF on 
long time. Therefore, after MI occurrence, the 
poor evolution continues with additional CR, 

hypertrophy, dilation, and systolic dysfunction 
[21, 73].

A number of innate immune pathways are 
triggered in MI [149]. It appears the produc-
tion of “damage-associated molecular patterns 
(DAMP)” by necrotic cells that further trigger 
membrane-bound “Toll-Like Receptors” (TLRs) 
[270, 271]. Also, among others innate immune 
pathways such as the “High mobility group 
box 1” (HMGB1), the “receptor for advanced 
glycation end-products” (RAGE) [21, 272] 
and the complement system are also triggered 
in the onset of inflammation after MI [21]. As 
a result, ROS are produced at ischemic injury 
with further activation of inflammatory signals 
pathways and myocardial dysfunction [149]. 
All triggered “innate immune pathways” set off 
Nuclear Factor NF-κB with further initiation of 
inflammatory cytokines and chemokines [273]. 
As already described, pro-inflammatory cyto-
kines significantly modulate the inflammatory 
reaction to cardiac ischemic injury. IL-1 triggers  

RAAS Pressure overload

O2 O2

O.
2
- O.

2
-

NADP+ NADPH NADP+ NADPH

FIBROSIS HYPERTROPHY FIBROSIS CONTRACTILE
DYSFUNCTION

Fig. 4.17  Schematic illustrating involvement of Nox2 
NADPH oxidase in the cardiac response to activation of 
the renin angiotensin aldosterone system (RAAS) or to 
chronic pressure overload. Hypertrophy in response to 
short-term RAAS activation is dependent upon Nox2, 

whereas the hypertrophic response to pressure overload is 
not. However, Nox2 is essential for the development of 
interstitial fibrosis in response to either stimulus. (From 
Murdoch et al. [261] with permission.)
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chemokines production in MI with entrapment 
of leukocytes [274]. An inactive precursor 
named pro-IL-1β generates active IL-1β by the 
converting enzyme caspase-1. Further, caspase-1 
function is strongly controlled in multiprotein 
complexes named “inflammasomes”, which fur-
ther monitor production of IL-1β [275]. In MI, 
“inflammasome” initiation is restricted only in 
leukocytes and CFs with IL-1-mediated inflam-
matory cell infiltration and cytokine production 
[276]. ROS production and K+ efflux have a sig-

nificant function in inflammasome triggering 
from CFs. Importantly, chemokines activation 
is a significant finding of post-MI inflammation 
[277]. The activation of chemokines receptors 
from leukocytes in MI exhibit a chemokines 
profile that controls the composition of the leu-
cocytes infiltrate. Therefore, neutrophils are trig-
gered firstly in MI followed by monocytes and 
lymphocytes. Apoptotic neutrophils as nega-
tive mediators of inflammation are exposed in 
Fig. 4.19 [149].
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Fig. 4.18  ROS-induced intracellular changes in cardio-
myocyte. The increased intracellular ROS levels occurring 
in RV pressure overload affect several cardiomyocytes 
functions. ROS can stimulate pro-hypertrophic pathways 
by targeting key molecules in this process, such as MAPK, 
PKC and Src proteins. The redox-mediated activation of 
target transcription factors (HIF-1α, cMyc and FOXO1) 
might be responsible for the abnormal PKD activation, 
which inhibits mitochondrial oxidative metabolism, lead-
ing to mitochondrial dysfunction. Sustained ROS levels 
cause mPTP opening and mitochondrial membrane depo-
larisation. As a consequence, more ROS are produced and 
cytochrome c is release from mitochondria causing cell 
apoptosis. HIF-1α activation also decreases the activity of 
the O2-sensitive Kv channel (Kv1.5), resulting into mem-
brane depolarisation and elevation of cytosolic Ca2+. The 
surplus of cytosolic Ca2+, in addition to the excessive Ca2+ 
released from the sarcoplasmic reticulum, as a consequence 
ROS-mediated RyR2 channel activation and SERCA inhi-
bition, contributes to myocytes contractile dysfunction. 

ROS are also responsible for the MMPs/TIMPs imbalance 
that drives ECM remodelling and fibrosis. Antioxidant 
compounds, like Folic acid or EUK-134, by scavenging the 
ROS in excess, can help restore the impaired cardiomyo-
cyte function. Furthermore, DCA can restore ROS produc-
tion and mitochondrial membrane potential by inhibiting 
PDK and thereby improving glucose oxidation. “Upwards 
arrow” indicates increase in levels; “Lowerwards arrow” 
indicates decrease in level. ROS reactive oxygen species, 
PCK protein kinase C, MAPK mitogen-activated protein 
kinase, mPTP mitochondrial permeability transition pore, 
PDK pyruvate dehydrogenase kinase, HIF hypoxia-induc-
ible factor, FOXO1 Forkhead box protein O1, cMyc v-myc 
avin myelocytomastosis viral oncogene homologue, RyR2 
ryanodine receptor 2, Kv 1.5 potassium voltage channel, SR 
sarcoplasmic reticulum, SERCA sarcoplasmic reticulum 
Ca2+-ATPase, MMP matrix metalloproteinases, TIMP tis-
sue inhibitor metalloproteinases, ECM extracellular matrix, 
DCA dichloroacetate, PKD protein kinase D. (From 
Iacobazzi et al. [21]. It is an open access article)
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The activation of neutrophils in the MI trig-
gers apoptosis. Shortly, they are eliminated in MI 
by macrophages which activate powerful inhibi-
tory pathways. Mediators such as TNF-α and 
IL-1β can maintain activated neutrophils in MI 
[278]. On the other hand, within 3–7 days after 
MI, the neutrophils undertake apoptosis [279].

4.6.2	 �Changes in Hemodynamic 
Load

In case of patients with anterior MI, the early LV 
dilation may be increased, as well as ventricular 
hypertrophy turns up to be a late and restricted 
modification during the first year [41]. Generally, 
the outcome of ongoing CR with ventricular dila-
tion and abnormal ventricular hypertrophy causes 
a significant growing in total LV wall tension [41, 
280]. As it will become evident, triggering of 
wall stress can activate further an amount of 
mechanisms that in the absence of any efficient 
therapy may cause further CR with progressive 
HF [50, 281].

4.6.3	 �Blood Pressure

Correspondingly, high blood pressure (BP)  trig-
gers structural modifications in the LVH with 
interstitial alterations, which further may pro-
duce diastolic dysfunction with HF. Additionally 
the functional effect of pressure overload hyper-
trophy may be determined by the features of the 
CR process. For example, if remodelling is 
eccentric with LV dilatation with normal relative 
wall thickness and raised wall stress [282], HF by 
a functional damage was described. On the other 
hand, HF does not occur in animals with concen-
tric CR defined as normal chamber volume, 
raised relative wall thickness and normal wall 
stress. Previous hypertension may be related with 
extensive damaging CR and progression of HF 
after MI.  This finding was shown by Richards 
et  al. in 1093 patients, where 68% experienced 
serial neurohormonal sampling and assessment 
of LV function one to four days and three to 
5  months post-MI [283]. In this study, in com-
parison with normotensives, hypertensive 
patients had significantly higher plasma levels of 

Neutrophil

cytokine scavenging

Apoptotic
Neutrophil

lipoxins IL-10
TGF-β

Macrophage

chemokine scavenging
lactoferrin

Fig. 4.19  The role of neutrophil clearance in suppression 
of the inflammatory response. Abundant neutrophils infil-
trate the infarcted myocardium. Neutrophils are short-
lived cells that undergo apoptosis; dying neutrophils may 
contribute to repression of the post-infarction inflamma-
tory response through several distinct mechanisms. First 
apoptotic neutrophils may release lactoferrin, an inhibitor 
of granulocyte transmigration. Second, during clearance 

of apoptotic neutrophils, macrophages secrete large 
amounts of anti-inflammatory and proresolving mediators 
including IL-10, TGF-β and lipoxins. Third, expression of 
decoy cytokine receptors by neutrophils may promote 
cytokine scavenging. Increased expression of chemokine 
receptors (such as CCR5) in apoptotic neutrophils may 
serve as a molecular trap for chemokines terminating their 
action. (From Frangogiannis [149] with permission)

4  Basic Aspects of Cardiac Remodelling



120

neurohormones at serial sampling with a signifi-
cantly enhanced raise in LV volumes by remodel-
ling at five months. Conversely, only normotensive 
patients had a recovery in LV ejection fraction at 
five months. Also, previous diagnosis of hyper-
tension was related with a greater risk of HF 
necessitating hospitalization at a mean follow-up 
of two years (12.4 versus 5.5% in normotensives) 
[283]. Moreover, Cingolani et al. discovered that 
TSP-4 from CMs, adjusts cardiac contraction 
function to acute stress and it has a major role in 
chronic CR and HF [21, 284].

4.6.4	 �Neurohormonal Activation

Progressing HF is connected with an initially 
compensatory neurohumoral activation that may 
be a factor to the development of the structural 
defects. Both the sympathetic system and the 
renin–angiotensin–aldosterone system (RAAS) 
are implied in CR.  Triggering of both systems 
turns on intracellular signaling pathways that 
increase the production of protein in CMs and 
CFs, with hypertrophy, fibrosis, switching on of 
growth factors and MMPs [285–287]. Moreover, 
it appears hemodynamic overload by vasocon-
striction and water retention, raise of oxidative 
stress activity with direct cytotoxic effect, and 
apoptosis [285–287]. Therefore, the inhibition of 
these systems can has a major therapeutic role in 
attenuation or prevention of CR. Unfortunately, 
elevated plasma norepinephrine, renin activity, 
and antidiuretic hormone levels [288, 289] are 
indicators for poor survival in these patients 
[290]. Even if, neurohumoral activation is firstly 
adjustable, it is damaging over the long term by 
pathologic remodelling, especially in case of Ang 
II and norepinephrine [291]. The studies data are 
most convincing for the activation of the 
RAAS. Also, the plasma BNP concentrations are 
raised in progressive HF and interrelated with 
prognosis [292]. In spite of this, the release of 
BNP from myocytes in HF may defend against 
pathologic remodelling [293].

The RAAS has a significant function in the  
control of BP and electrolyte equilibrium. Within 
RAAS, Ang II produces triggering of sympa-

thetic nervous system with vasoconstriction, 
sodium and water retention, and anorexia [294]. 
The damaging effects of RAAS in cardiovascular 
tissues cause CR by local triggering of the RAAS 
with autocrine and paracrine mechanisms [295–
297]. Mainly, the pathophysiological effects of 
Ang II in the cardiovascular system are controlled 
by a member of the GPCR family termed the 7 
transmembrane (TM7) spanning AT1 receptor 
[296, 298, 299]. According to recent data, the 
mechanical stress together with systemically and 
locally Ang II cause by the triggering of AT1 
receptor, cardiac hypertrophy [295–297, 300]. It 
seems that studies with the AT1 receptor blockers 
(ARBs) as candesartan showed that switching off 
of triggered AT1 receptor by mechanical stress, 
notably reduced hypertrophic reaction in cultured 
CMs [301–303]. Therefore, mechanical stress 
causes cardiac hypertrophy in vivo by initiation 
of the AT1 receptor with no correlation of Ang II 
[295, 296].

Mechanical stretch and Ang II by attachment 
to the AT1 receptor causes to its structure to 
switch on with occurrence of Cys residues inside 
the ligand-binding pocket. Further, if mechanical 
stress continues, TM7 undertakes a counter 
clockwise rotation with a modification in the 
ligand-binding pocket [304]. It is not determined 
exactly by current studies the mechanisms by 
which mechanical stress activates the AT1 recep-
tor perceives its structure change, preparing for 
dissimilar initiation of particular intracellular sig-
naling mediators [303].

4.6.5	 �Role of Angiotensin II

Significance of angiotensin II (Ang II) in patho-
logic CR is demonstrated by data of large trials in 
humans that have been shown that angiotensin-
converting-enzyme inhibitors (ACEI) increase 
survival in HF by decrease or even reverse of 
some parameters of CR [305, 306]. Shortly, Ang 
II is produced and has locally and systemically 
effects. So that, mechanical stretch directly boost 
Ang II release from CMs [301]. Also, Ang II 
seems to sustain directly CR.  Previous studies 
have been showed that human CFs cultured from 
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cardiomyopathic and ischemic hearts have on 
CMs the expression of AT1 receptors [307, 308]. 
In fact, these CFs reply to Ang II with raise of 
collagen production by activation of AT1 recep-
tor [309–311]. Despite the fact that Ang II is pro-
duced locally or systemically, it may directly 
support CR. In fact, these CFs may reply to Ang 
II with AT1 receptor-mediated collagen synthesis 
[309–311]. On the other hand, Ang II acts via the 
AT1 receptor with boosting of protein synthesis 
and results in hypertrophy of CMs [309]. Both 
ACEI and Ang II receptor antagonists can reverse 
remodelling in HF [212].

Aldosterone secretion is increased by Ang II, 
and also may be a factor in CR. The heart con-
tains mineralocorticoid receptors and takes out 
aldosterone after a MI, supporting the post MI 
remodelling [312]. Moreover, the secondary 
hyperaldosteronism commonly seen in patients 
with HF may participate to cardiac hypertrophy 
and fibrosis [313, 314]. It should be stressed that 
the benefit effects connected with spironolac-
tone or eplerenone, which both link the miner-
alocorticoid receptor may result with diminished 
fibrosis [315].

4.6.6	 �Energy Metabolism 
and Cardiac Remodelling

Ischemia, pressure and volume overload are forms 
of stress that activates human heart to adapt its 
metabolic function to use glucose instead of the 
free fatty acids [316]. It seems that free fatty acids 
provide the highest quantity of ATP to human 
heart [317]. On the other hand, the glucose metab-
olism needs a reduced amount of oxygen consum-
ing for same quantity of ATP synthesis, being the 
most effective alternative in highest metabolic 
states such as short-term of severe cardiac stress 
[318]. As a rule, in normal heart, free fatty acids 
are the main energy substance representing about 
60–90% of energy reserves. Both free fatty acids 
and glucose metabolites undergo β-oxidation and 
glycolysis in the citric acid cycle, resulting in 
FADH2 and NADH. Finally, the obtained energy 
is accumulated and carried as phosphocreatine 
(Fig. 4.20) [319].

During stress is stopped the normal inhibition 
of glucose oxidation by free fatty acids [303]. It 
seems that the nuclear receptor peroxisome pro-
liferator-activated receptor-α (PPARα) is a  
significant contributory factor that changes from 
fatty acid metabolism to glucose metabolism 
[316, 320]. Further, Karbowska et al. showed on 
ventricular biopsies from 5 patients a 54% fall of 
PPARα protein levels in end-stage HF in com-
parison with controls [316, 321]. Therefore, CR 
implies cardiac dysfunction with energy loss due 
to the disproportion from the oxygen reserve and 
use, with a diminished free fatty acids oxidation 
and raised glucose oxidation [316]. In addition, 
β-oxidation fall leads to deposit of triglycerides 
and lipotoxicity, mitochondrial dysfunction 
[316]. Altogether, these modifications causes for 
myocardial proteins further low levels of energy 
reserves with oxidative stress and ROS, with 
their sides effects (Fig. 4.21) [316, 321–324].

In case of RV, the metabolism data is from the 
LV studies. As already described, the RV has 
smaller afterload than the LV due the decreased 
pulmonary vascular resistance [316]. Even if, RV 
and LV have similar stroke volumes, the RV has 
near 25% from the stroke volume of the LV 
because of the low PVR [316, 325]. Extensive 
“transcriptional, translational and energetic” dis-
turbances to physiologic and pathophysiologic 
stress occur in RV. The conversion from pressure 
overload and volume overload to cardiac hyper-
trophy and later RVF is correlated with the switch 
from free fatty acids to glucose metabolism for 
ATP production. As a result, the RVF is an 
energy-deprived state with deficient ATP 
amounts. For this reason, PET using specific 
radioactive tracers provides a complete descrip-
tion of RV metabolism [316]. These metabolic 
differences might corelate with the dissimilarities 
in ventricular wall stress and intraventricular 
pressure dynamics (Fig. 4.22) [316].

To sum up, metabolic alteration in the hypertro-
phied RV imitates metabolic alteration of the 
hypertrophied and failing LV [316]. Nagaya et al. 
[326] studied 21 patients with RVH due to PH by 
using magnetic resonance spectroscopic imaging 
(MRSI) that associates cardiac structure with met-
abolic function. They found important RV con-
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traction dysfunction in patients with altered 
myocardial free fatty acid metabolism. Further, in 
a study of 16 patients with idiopathic PAH, 
Bokhari et  al. proved that PET imaging is for 
determining myocardial glucose assimilation and 
use [316, 327]. They demonstrated that RV glu-
cose usage is associated with hemodynamic 
parameters such as mean PA pressure, doubtlessly 
implying that RV dysfunction is switched on myo-
cardial glucose metabolism and being a sign of RV 
dysfunction. Can et  al. [328] have been demon-
strated same features on 23 patients with PAH and 
16 healthy controls evaluated by PET. Their results 

established that raised fludeoxyglucose (18F) 
increase in the RV myocardium were connected 
with raised RV loading conditions and with the 
existence of elevated pulmonary artery pressures 
but not with their stage [316, 328].

Also, MRSI for the study of myocardial triglyc-
eride load demonstrated an accurate statistically 
significance correlation with triglycerides from RV 
biopsy [316, 329]. Currently, no other study tried to 
measure in the RV the lipid transitional products.

It is not determined if cardiac metabolic altera-
tions maintain during the development of RVH, 
that is characterized by important decrease of CO, 
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Fig. 4.20  Schematic representation of classic pathways 
of cardiac metabolism. Substrates are transported across 
the extracellular membrane into the cytosol and are 
metabolized in various ways. For oxidation, the respective 
metabolic intermediates (e.g., pyruvate or acyl-CoA) are 
transported across the inner mitochondrial membrane by 
specific transport systems. Once inside the mitochon-
drion, substrates are oxidized or carboxylated (anaplero-
sis) and fed into the Krebs cycle for the generation of 
reducing equivalents (NADH2 and FADH) and GTP. The 

reducing equivalents are used by the electron transport 
chain to generate a proton gradient, which in turn is used 
for the production of ATP. This principal functionality can 
be affected in various ways during HF thereby limiting 
ATP production or affecting cellular function in other 
ways (see text and further Figures for details). IMS mito-
chondrial intermembrane space, GLUT glucose trans-
porter, FAT fatty acid transporter, MPC mitochondrial 
pyruvate transporter. (Illustration Credit: Ben Smith). 
(From Doenst et al. [319] with permission)
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increase of RV filling pressure and raised fibrosis 
[21, 330]. Consequently, RVH is correlated with 
increased mitochondrial ROS, which downregu-
lates HIF1α and triggers p53 pathways, in the end 
with dysregulated pyruvate dehydrogenase kinase 
(PDK) and diminished glucose uptake [21, 331]. 

Raised PDK expression is a frequent feature in 
RVH during glucose oxidation, as a result there is a 
decrease in mitochondrial respiration [21, 330]. A 
number of clinical trials directed on molecular dys-
function in RVH and RV failure are undergoing, 
even if the precise outcomes for pharmacologic 
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Fig. 4.21  Overview of metabolic remodeling and pro-
posed mechanisms linking it to other processes in the pro-
gression to HF. Metabolic pathways are blue. Bold lines 
indicate pathways/processes that are increased or domi-
nant. Thin lines represent pathways/ processes that are 
decreased. The question marks imply unknown causes/ 
effects. In general, metabolic remodeling in cardiac hyper-
trophy and failure is characterized by a shift away from 
energy production to activation of biosynthetic pathways 
required for structural remodeling processes such as ven-
tricular hypertrophy and fibrosis. Particularly, fatty acid 
oxidation is decreased and may not be sufficiently com-
pensated given the lack of increase in glucose oxidation. 
These alterations and further mitochondrial defects result 
in ATP depletion. Instead of being oxidized, pyruvate may 
be preferentially used for anaplerosis to maintain Krebs 
cycle moieties, which might be increasingly channeled 

into protein synthesis. Hypertrophic mediators such as 
MAPKs and NFAT are activated as a result of increased 
mitochondrial ROS and flux through the HBP, respec-
tively. Overproduction of mitochondrial ROS causes oxi-
dative damage. Although the flux through the PPP is 
increased, anti-oxidative defense might be inadequate due 
to the consumption of NADPH by the anaplerotic malic 
enzyme. Mitochondrial damage and ATP depletion may 
stimulate autophagy. Increased activity of autophagy and 
the UPS may contribute to hypertrophy by providing 
amino acids and other metabolites. Increase in mitophagy 
may trigger myocardial inflammation by releasing mito-
chondrial DNA. H hexosamine biosynthetic pathway 
(HBP), P pentose phosphate pathway (PPP), G glycolysis, 
A anaplerosis, O oxidation, ETC electron transport chain, 
ROS reactive oxygen species, UPS ubiquitin-proteasome 
system. (From Doenst et al. [319] with permission)
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involvements on RV abnormal metabolism are not 
determined [316].

4.6.7	 �Electrical Remodelling 
in Cardiac Remodelling

As already been described, the functional, struc-
tural, and electrical modifications of CMs to stress 
described by hypertrophy, HF, and ischemia 
define CR, which disposes to raised occurrence of 
ventricular ectopy and arrhythmias. “Arrhythmia-
induced changes in the electrophysiological prop-
erties of heart tissue which predisposes to an 
increased frequency of ventricular ectopy and 
arrhythmias are referred to as electrical remodel-
ling” [332].

Specifically, Na+-Ca2+ exchanger (NCX) 
mediates intracellular Ca2+ concentration and its 
activity is controlled by intracellular concentra-
tions of Ca2+, Na+, ATP, pH, and phosphorylation 
of NCX, all being modified in HF [332]. 
Therefore, HF with contractile dysfunction and 

arrhythmogenesis may be explicated by ampli-
fied NCX and diminished SERCa2+a function, 
consequently with raised Ca2+ discharge from 
CMs and delayed afterdepolarizations [332–
334]. Also, during cardiac diastole dysfunction, 
NCX sustains Ca2+ transportation from intracel-
lular space and diminishes SERCa2+a function 
[332, 333]. It has to be underlined, that NCX 
activity is mediated in cardiac hypertrophy, func-
tion sustained by diminished NCX activity but 
with raised NCX protein and transcript levels 
[332]. It seems that calcineurin inhibition weak-
ens the boost of NCX1 transcript and protein lev-
els correlated with pressure overload, advocating 
that calcineurin is vital in the adjustment of 
NCX1 transcript synthesis and degeneration 
[332, 335].

Also, there is a diminished expression and 
function of Na+-K+ATPase in HF [332, 336] that 
make susceptible cardiac tissue to arrhythmias by 
raised action potential duration, and increased 
depolarizing current, and extracellular K+ [332]. 
According to experimental cardiomyopathic 
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studies, ETA receptor blockers demonstrated to 
stop electrical remodelling and ventricular 
arrhythmias by diminishing K+ and Ca2+ current 
expression, rising QT interval and action poten-
tial duration [332, 337].

Electrical anisotropy caused by myocardial 
fibrosis and modifications of intracellular Ca2+ 
could produce the electrophysiological remodel-
ling and arrhythmias from hypertrophy [332]. 
Further, modification of the collagen amount, 
type, and cross-linking is correlated with myo-
cardial fibrosis and CR with electrophysiological 
abnormalities [338].

RVH, dilation, and septal displacement also 
create RV dyssynchronous motion [339–341] and 
dyssynchronous RV-LV contraction [341–343]. 
Delayed RV lateral wall contraction and interven-
tricular dyssynchrony in PAH are not related to 
QRS duration or abnormal electric activation such 
as left bundle-branch block but rather to RV wall 
stress, septal shift, LV end-diastolic volume, and 
stroke volume [342, 343]. These ventricular-ven-
tricular interactions almost certainly increase the 
ratio of systolic to diastolic duration because 
interventricular dyssynchrony is related to length-
ening of the RV contraction [343].

To sum up, existing data supports that myocar-
dial hypertrophy form determines the electrical CR 
and the reverse of it [332, 344]. Nevertheless, in 
pressure-overload states with reverse of hypertro-
phy is correlated with the reverse of the electrical 
remodelling [345–347]. However, the dissimilarity 
between the reverse of electrical remodelling in 
pressure-versus volume-overload states is unknow-
able [332]. Both structure and electrical CR should 
be regarded as independent clinical disorders [332]. 
The assessment of risk factors for arrhythmias has 
a significant function in the regress of hypertrophy 
and the electrical CR [347].

4.6.8	 �Coronary Vascular 
Remodelling in  
Cardiac Remodelling

Coronary vascular remodelling causes adjustable 
reactions such as the rapid adaptation of vessel 
diameter by modifications in smooth muscle tone, 

changes in vessel diameter structure, adding or 
elimination of vessels by “angiogenesis (sprout-
ing/splitting)”, or “vascular pruning” [348]. It 
important to underline that physiological vascular 
adaptation keeps an appropriate perfusion, but 
vascular maladaptation takes place in disorders 
such as hypertension [348]. Also, regulatory 
mechanisms in larger vessels are different from 
microcirculation that has a vital role in physiolog-
ical vascular adaptation and pathological states 
[348]. Generally speaking, growing of size and 
number of microvessels during exercise or involu-
tion with microvascular remodelling because of 
constant decline of physical activity appear [349]. 
Reduction of epicardial arteries with hemody-
namic- and metabolic modifications causes pro-
cess of collateralization or arteriogenesis defined 
by “structural enlargement of arteriolar vessels 
and arterio-arterial anastomoses” [348, 350].

As a result, constant chronic remodelling of 
coronary vessels leads to over-prolonged modifi-
cations of vessels diameter with or without shifts 
in wall mass (Fig.  4.23) [348, 352, 353]. 
Therefore, coronary vessels adjust to mechanical 
stimuli, such as fluid shear stress acting on ECs, 
circumferential wall stress and metabolic signals 
[348, 354, 355].

Essentially, exposure of the LV to afterload 
stress causes firstly the development of new cap-
illaries or angiogenesis, to sustain the raised 
blood flow of hypertrophied CMs. In case of 
angionesis are implied raised production of the 
proangiogenic factors hypoxia HIF1α and 
VEGF. If the LV starts to fail, the capillary den-
sity starts to decrease. On the other hand, the cap-
illary density of the RV reduces with the 
beginning of pressure overload upsurge. RVF is a 
frequent side effect of chronic RV pressure over-
load with progression to RV ischemia. 
Specifically, increased pulmonary arterial pres-
sure boosts RV wall tension and oxygen demand 
in correlation with alteration of coronary blood 
flow. For instance, Eisenmenger’s syndrome pro-
duces a level of RV afterload same to idiopathic 
PAH, only that the survival is longer with latent 
overt RVF [356]. In addition, PAH during diag-
nosis protocol have different degrees of RVF 
even if the RV afterload is highly developed.
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4.7	 �Reverse Cardiac Remodelling

CR can be reversed with maximized therapy that 
initiates ongoing recovery of cardiac function and 
thus enhances prognosis of patients [357]. Even if, 
reverse CR could arise unexpectedly in heart 
pathologies, it is more frequently seen as reaction 
to medical, device-based, or surgical therapies, 
such as beta-blockers, cardiac resynchronization 
therapy (CRT), revascularization and valve surgery 
[358]. The various cardiac pathologies with noticed 
reverse CR prove that myocardial remodelling is 
bidirectional and takes place no matter of the myo-
cardial disease aetiology, length, and severity 
(Fig. 4.24) [358]. Moreover, prognosis is improved 
in patients with reverted heart dysfunction, for that 
reason reversal of CR should be the most important 
treatment aim. Therefore, effective treatment 
should reverse cardiac remodelling [359].

Both ACEI and Ang II receptor antagonists, 
also known as angiotensin receptor blockers 
(ARBs) have been utilized to prevent 
CR.  Preventing raised RAAS stimulation that 
may limit subsequent maladaptive cardiac 
remodelling. For instance, RV samples taken 
from control patients showed higher ventricular 
weight with raised collagen and foetal contractile 

protein genes, and diminished SR Ca2+-ATPase. 
Moreover, ACEI exert antioxidant effects by 
inhibiting the transcription factor NF-kB that 
controls the synthesis of various genes associated 
with inflammatory response, such as cytokines, 
chemokines, growth factors, and cell adhesion 
molecules [360–363]. The complexity of the 
intramyocardial mechanisms involved in CR 
should also take into account endothelial dam-
age, on which PDE5 inhibition acts positively, as 
recently demonstrated in a meta-analysis of type 
2 diabetic cardiovascular patients [364]. Also, 
clinically relevant evidence suggests that PDE5 
inhibition has favourable direct myocardial 
effects via cGMP and cAMP activities that may 
counterbalance hypertrophic and proapoptotic 
signaling, including adrenergic stimulation [365].

4.7.1	 �Cardiac Regenerative 
Medicine

Production of “induced cardiac-like myocytes” 
(iCLMs) shows all the signs of a new future 
successful method to regenerate damaged CMs 
[366]. Replacing lost CMs by injecting cardiac 
progenitors, cardiospheres, or CMs derived 
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from “induced pluripotent stem cells” (iPSCs) 
and/or “embryonic stem cells” (ESCs) has been 
researched intensively [367]. Importantly, miR-
NAs are important for stem cell differentiation, 
as well as indirect and direct reprogramming 
to multiple lineages [368–371]. To sum up, 
miRNA based therapy can be used to promote 
CMs proliferation, reprogram directly fibro-
blasts to CMs or indirectly to iPSc as well as 
driving the differentiation of iPSCs, ESCs or 
CPCs to CMs (Fig.  4.25) [367]. Another new 
treatment choice is to release cells in the dam-
aged myocardium. According to evidence, vari-
ous cell categories have been utilized for heart 
regeneration, such as ESCs, CMs obtained from 
iPSCs, mesenchymal stem cells (MSCs), bone 
marrow MSCs, cardiac stem cells, cardiac pro-
genitor cells, skeletal myoblasts, ECs, adipose 
tissue-derived stem cells (ATDSCs), and CMs 
[372]. Nevertheless, studies have still unre-
markable outcomes.

4.7.2	 �Device-Based Therapies

Pharmacological treatments that diminish on 
either side PVR or systemic vascular resistance 
can reduce the development of fibrosis in the RV 
and LV, respectively. Likewise, non-pharmaco-
logical mechanical decrease of LV load by LV 
assist devices (LVADs) can attenuate fibrosis in 
both ventricles [373].

For instance, cardiac resynchronization therapy 
(CRT) with biventricular (BiV) pacing is an well-
known choice therapy in case of patients with overt 
HF, diminished LV systolic EF, and delayed ven-
tricular conduction with enlarged QRS complex 
(e.g. electrical dyssynchrony). In fact, Sachse et al. 
[374] showed that CRT reduces symptoms and 
mortality in patients affected by dyssynchronous 
heart failure (DHF) produced by dyssynchronous 
electrical and mechanical activation of the left and 
right ventricle. Also, they concluded that CR of 
electrophysiological properties, hemodynamic and 
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protein expression due to DHF is partially restored 
by CRT. Specifically, CRT can reverse damages of 
intracellular structures and function of CMs from 
HF, with early successful signs of recovery as tubu-
lar system structure [374].

Ventricular Assist Devices (VADs) can prevent 
ongoing CR and produce reverse CR, mainly by 
decrease of mechanical load of the damaged ven-
tricles [373]. Also, VADs are not same thing with 
artificial hearts, which are planned for temporary 
taking up of cardiac function with their latter 
withdrawal from the patient’s heart [373]. VADs 
are designed to support the LVAD, the right ven-
tricle (RVAD) or both ventricles (BiVAD). LVAD 
is the most frequent device used in a damaged 
heart, but in case of increased pulmonary arterial 
resistance, RVAD will be added to help with car-
diac circulation. According to data, the evaluation 
of LVAD outcomes looking the reverse of RV 
remodelling, showed there were no change in 
CMs size among patients with LVADs and control 

group [373]. Conversely, LVAD therapy produced 
diminishing of collagen and TNF-α from RV, sup-
porting that LVAD can reduce RVH by inhibiting 
the paracrine factors [373]. Further, Barbone et al. 
studied the involvement of these factors in reverse 
of CR [375]. Shortly, they studied heart samples 
from patients who required either LVAD or phar-
macological treatment for severe HF [375]. 
Regardless of LVAD type, the RV volume and 
CM size enlarged, but isolated RV muscle pieces 
from inserted LVAD showed a diminished force 
formation at high pacing rates. Finally, they con-
cluded that reverse RV remodelling after LVAD 
placing is minimum [375]. In conclusion, LVADs 
implantation is largely helpful for showing biol-
ogy of reverse CR: changes of mRNA and 
microRNA profiles, decrease of apoptosis, dimin-
ishing of inflammatory cytokines (e.g., TNF-α), 
ECM remodelling, regression of action potential 
lengthening, regression of cardiac myocyte hyper-
trophy, improved contractility, regression of shape 
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distortions, and improved β-adrenergic respon-
siveness [358].

Other studies evaluated hearts from end-
stage CHF with no VADs, with LVAD or with 
BiVAD [376]. In comparison with LVAD, 
BiVAD-supported hearts showed notably dimin-
ished right atrium pressures with nearly normal 
RV end-diastolic pressure-volume interactions. 
Moreover, the hearts with BiVAD demonstrated 
normalized RV myocyte diameter and myocar-
dial contraction when isoproterenol perfusion 
was used. All these modifications were not 
demonstrated in hearts with LVADs. However, 
LVADs diminish only RV afterload. To sum up, 
VADs could induce RV remodelling, but further 
studies data is necessary [376].

�Conclusions

RV remodelling is correlated with functional, 
cellular and molecular changes [316]. CMs 
hypertrophy and hyperplasia modify RV geom-
etry, while apoptosis rate and damages of intra-
cellular structures induce further remodelling 
[316]. RVH and RV dilatation can be correlated 
with diminished ventricular volume, associated 
or not with changed hemodynamic status [316]. 
As a result, physiologic and pathophysiologic 
stress produces in RV serious transcriptional, 
translational and energetic modifications [316]. 
The development of cardiac hypertrophy from 
pressure and volume overload with failing is 
correlated with transition from free fatty acids 
to glucose metabolism for ATP formation [316]. 
RVF is an energy-depleted condition with lack-
ing ATP levels. Reassuring successful molecu-
lar targets are established by ongoing clinical 
trials studying the molecular alteration from 
RVH and failure [316]. Ultimately, medical 
therapy with vasodilators seems to raise both 
RV stroke volume and CO, while ACEI and 
ARBs can postpone RVH by diminishing the 
exhibition of hypertrophy-related genes in the 
RV. Nonetheless, immunomodulator therapy is 
correlated with diminishing of RVH and remod-
elling-related gene expression [316].
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Right Ventricular Normal Function
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Abstract

The evaluation of right ventricular (RV) mor-
phology and function, although for many cen-
turies forgotten or sidelined, is now recognized 
to be essential in cardiovascular diseases, as it 
can be involved in the physiopathology of many 
disorders. Therefore, appropriate knowledge of 
RV function in health and disease is mandatory 
for clinicians. In the present chapter we sum-
marize the current available data on RV func-
tion starting with a brief description of anatomy 
as morphology is closely related to function. 
We then describe mechanical and haemody-
namic aspects of RV contraction. Furtheremore, 
we discuss methods of assessing RV perfor-
mance using end-systolic and end-diastolic 
pressure-volume relationships as well as RV 
haemodynamic coupling with the pulmonary 
circulation based on the concept of elastance. 
Regulatory mechanisms of RV function are 
also described.

Keywords

Right ventricular function · Physiology · Myo-
cardial contraction · Elastance · Ventriculo-
arterial coupling

5.1	 �Right Ventricle Importance

The right ventricle (RV), although fascinating for the 
complex anatomy and function, was forgotten or 
sidelined for centuries, its physiopathological impor-
tance in the human body being unrecognized.

The first who noticed RV importance is Sir 
William Hervey, the father of the modern physi-
ology, who described pulmonary circulation and 
the importance of the RV in sending the blood 
to the left ventricle through this circulation, 
mechanism described in his famous thesis, “De 
Motu Cordis”, in 1616 [1]. The following four 
centuries were significant in debating the impor-
tance of the RV. Publications from the beginning 
of the twentieth century stated that the RV has 
only one function, as a conduct, and RV injury 
would not significantly influence the general 
circulatory function, statement that was “con-
firmed” by the successful procedures Glenn and 
Fontan [2–5]. On the other hand, recognizing 
the negative effects and even cardiogenic shock 
as a consequence of RV infarction, overwrite 
the idea of a passive function of the RV [6, 7]. 
Moreover, in the second half of the last century, 
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as the essential role of the RV in many physi-
ologic and pathologic conditions was finally 
admitted, many researchers have focused on RV 
function [8].

The evaluation of RV morphology and func-
tion is essential in cardiovascular diseases, as it 
can be involved in the physiopathology or it can 
be affected by many disorders such as pulmonary 
hypertension (PH), idiopatic or secondary to the 
left heart diseases, left ventricle (LV) dysfunc-
tion, cardiomyopathies, RV infarction or tricus-
pid and pulmonary valvulopaties [4, 9].

RV function has an impact on the prognosis of 
patients with congenital heart diseases (CHD). 
Conditions as atrial septal defect, tricuspid regur-
gitation or pulmonary regurgitation, create a vol-
ume overload for the RV, whereas pulmonary 
stenosis or corrected transposition of the great 
arteries create a pressure overload or even hemo-
dynamic complex modification as in Tetralogy of 
Fallot (ToF) [10]. Moreover, after surgical inter-
vention in CHD, RV dysfunction secondary to 
hemodynamic residual overload is a negative 
long term prognostic factor [11].

The RV is different morphologically and func-
tionally from the LV. It has a complex tridimen-
sional anatomy, hemodynamic pressure load is 
abolished after birth and it has a different con-
traction pattern [12]. Consequently, the RV 
adapts differently than LV at acute and chronic 
hemodynamic changes. Therefore, the RV is not 
the LV but is equally important to cardiovascular 
equilibrium.

5.2	 �RV Anatomy in Relation 
to Function

In a normal heart, the RV is the most anteriorly 
located chamber, in front of the LV and behind 
the sternum [8].

The RV has a complex tridimensional anat-
omy, viewed from the front has a triangular 
shape, but in the cross-section it has a crescent 
shape. The interventricular septum (IVS) is an 
important determinant of RV shape. In normal 
conditions and in the absence of conduction 
abnormalities, the IVS is concave toward the LV 

both in systole and in diastole; however in RV 
overload, the IVS becomes flattened or reversely 
concave toward the RV, in this condition the RV 
anatomy being significantly modified [1].

Although in the common echocardiographic 
windows the RV seems to be smaller than the 
LV, it has a bigger volume, as it was demon-
strated in imaging cardiac studies using cardiac 
magnetic resonance (CMR): normal end dia-
stolic RV volume is 49–101 ml/m2 whereas the 
end diastolic LV volume is 44–89  ml/m2. On 
the other hand, the RV mass is only one fifth of 
the LV mass [13].

The RV chamber has three components: the 
inlet, the trabecular part situated apically and the 
outlet/ejection tract/conus. Although it develops 
embryological from two different components, the 
sinus (inflow) and the conus (outflow), the defini-
tion of the RV in terms of three components 
described earlier and proposed by Goor and Lillehei 
in 1975, is the preferred one for practical reasons, as 
describing congenital abnormalities, when one or 
more components can be absent [14, 15].

The inlet and trabecular components form the 
sinus, a functional part with common embryo-
logical origin, which contains 80% of the RV vol-
ume and it is responsible for 85% of the RV 
stroke volume, whereas the conus contributes 
with the rest of 15% [16].

The RV inlet includes the tricuspid valve and 
it is separated from the trabecular part by the pap-
illary muscle insertion. The trabecular compart-
ment is situated at the apex and it extends to the 
middle of the free wall. This compartment is 
characterized by covering with muscular fibers 
arranged in a grid—muscle trabeculae—whose 
role appears to be linked in part to intraventricu-
lar hemodynamics and on the other hand to the 
jointing of the papillary muscles with the apex 
and the walls of the heart [17]. The ejection com-
partment/tract has different embryological origin 
and is characterized by the conical shape of the 
conus and the smooth walls that contribute to the 
increase in blood flow to the pulmonary artery [1] 
(Fig. 5.1).

The architecture of the muscle fibres that cre-
ate the two ventricles is complex and consists of 
a three-dimensional network of several layers of 
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muscle. In contrast to the three-layer muscle 
architecture of LV, RV consists predominantly of 
a superficial layer and a deep fibre layer. The 
thinner subepicardial layer fibres are circumfer-
entially arranged with the fibre direction parallel 
to the atrioventricular groove. These fibres 
change the direction on the sternocostal face 
becoming oblique to the apex and continue into 
the superficial fibres of the LV. The thicker sub-
endocardic layer has a longitudinal direction 
from the base to apex [14]. As a result, RV has a 
predominantly longitudinal contraction and the 
continuity between the RV and LV muscle fibres 
functionally connects the two ventricles repre-
senting the anatomical base which leads to the 
RV free wall traction secondary to LV contrac-
tion. This continuity also contributes together 
with the IVS and pericardial contention to the 
ventricular interdependence [1].

The RV cavity is completed by IVS which 
belongs to both ventricles, functionally and anatomi-
cally [18]. Across the IVS there is an anatomic con-

tinuity between the myocardial fibres of the RV and 
LV contributing to ventricular interdependence.

5.2.1	 �RV Vascularization

The right ventricle is mostly vascularized by the 
right coronary artery (RCA). The lateral wall of 
the RV receives blood from the acute marginal 
arteries of the RCA, while the posterior wall and 
the inferior IVS are irrigated by the posterior 
descending artery (PDA). Thus, RV vasculariza-
tion also depends on the coronary dominance [19, 
20]. In the case of right coronary dominance (85% 
of cases) and balanced dominance (7.5% of cases) 
PDA will originate in RCA, whereas in the case of 
left coronary dominance it will originate in the 
circumflex artery, which will participate in the RV 
vascularization [21]. A small part of the anterior 
wall as well as the anterior IVS are irrigated by 
the anterior descending artery (ADA) [1]. 
Vascularization of the infundibulum is performed 

Fig. 5.1  Right ventricle anatomy. Ao ascending aorta, IVC inferior vena cava, LA left atrial appendage, RA right atrium, 
RV right ventricle, PT pulmonary trunk, PV pulmonary valve. With the permission of Dr. Vlad Munteanu
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by the pulmonary cone artery, which in half of the 
cases originates in RCA, whilst the other half 
have a separate origin in the aorta, at the level of 
the right coronary sinus [21].

Unlike the LV, where myocardial perfusion 
occurs in diastole, when intra-cardiac pressure 
drops below the aortic pressure, in the RV, under 
normal hemodynamic loading conditions, intra-
cardiac pressure remains permanently below the 
aortic pressure, allowing for myocardial perfu-
sion both in systole and in diastole. Under patho-
logical conditions, however, when RV is subject 
to significant pressure overload, myocardial per-
fusion becomes similar to LV [18].

5.3	 �Right Ventricular Physiology 
and Adaptation to  
Hemodynamic Changes

The role of the RV in the body is to take the blood 
from the venous return and to send it further into 
the pulmonary circulation. Normally, the RV is 
connected in series with the LV being thus forced 
to have substantially the same effective stroke vol-
ume (SV) [1]. In spite of a significantly lower ven-
tricular mass, RV is able to achieve the same SV as 
it is connected to the pulmonary artery character-
ized by low impedance and high arterial distensi-
bility [22].

5.3.1	 �Right Ventricle Contraction: 
Mechanical Aspects

RV contraction occurs sequentially, beginning 
with the myocardium of the inlet and the trabecu-
lar part, then ending with the infundibulum, with 
a delay of approximately 35  ms between the 
onset of contraction of the RV apex and that of 
infundibulum [23]. In addition, the contraction of 
the infundibular part is longer than that of the 
inlet [19]. Since anatomically there is an angle of 
37.5° between the inlet axis and the ejection tract 
[24], this peristaltic motion facilitates the trans-
port and ejection of blood from the RV [22]. 
Under normal hemodynamic conditions, RV con-
traction is predominantly longitudinal, the contri-
bution of radial myocardial deformation, rotation 
and twisting being minimal [25, 26].

The RV contraction mechanisms are repre-
sented by free wall inward movement, RV shorten-
ing in the long axis by contraction of the longitudinal 
subendocardial fibres which determine the traction 
of the tricuspid ring to the apex, but also the trac-
tion at the attachment points realized by the LV [1].

A significant part, between 20 and 40% of the 
RV stroke volume is dependent on LV contrac-
tion [27, 28]. The interaction between the two 
ventricles (ventricular interdependence) is deter-
mined anatomically by the communication of the 
RV fibres with the LV ones as mentioned above, 
by the partially common vascularization, by the 
pericardium which creates the contention of both 
ventricles, but especially by the IVS which allows 
the crossing of the contraction forces between the 
two ventricles [1, 22, 29]. The fact that the exper-
imental replacement of the RV free wall with a 
non-contractile patch did not significantly alter 
pulmonary circulatory hemodynamics comes to 
reinforce the idea that left ventricular perfor-
mance directly affects the RV [30].

5.3.2	 �Right Ventricle Contraction: 
Hemodynamic Aspects

The right ventricle ejects the blood into a low-
impedance arterial system with increased disten-
sibility. In a normal circulatory system, right 
heart pressures are significantly lower than those 
of the left heart [18].

The RV pressure curve is characterized by a 
maximum systolic value of low amplitude (15–
30 mmHg), which is reached early, and a subse-
quent rapid decrease of pressure [1, 17]. Upon 
initiation of contraction, the RV pressure rapidly 
exceeds the low pulmonary artery pressure, which 
makes the duration of the isovolumetric contrac-
tion to be low or absent. Another feature of the RV 
pressure curve is the existence of the so-called 
‘hangout’ interval, which is the continuation of the 
end systolic flow to the pulmonary artery despite a 
negative ventriculo-arterial gradient. The explana-
tion for the existence of this interval is related to 
the complexity of the vetriculo-arterial coupling, 
given that the total afterload of the RV is deter-
mined by the resistive, capacitive, inertial proper-
ties and the pulse wave reflection of the pulmonary 
circulation [20].
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5.3.3	 �Parameters Determining 
Right Ventricular Function

The RV systolic performance is mainly the reflec-
tion of three parameters: contractility, afterload 
and preload. Additionally, RV performance is also 
influenced by heart rate, ventricular contraction 
synchronicity and ventricular interdependence [1].

Contractility is the inherent capacity of the myo-
cardium to contract independently of preload or 
afterload changes. At the molecular level, the 
increase in contractility/inotropism is the result of 
increased interaction between calcium ions and con-
tractile proteins. However, it should be pointed out 
that any change in contractile status must be inde-
pendent of the preload and afterload conditions [31].

Preload represents ventricular loading before 
the start of ventricular contraction, at the end of 
the diastole. Preload increase leads to end-
diastolic ventricular volume augmentation which, 
through the Frank-Starling mechanism, will 
cause SV growth without a direct change in con-
tractility [32, 33]. Afterload is the systolic pres-
sure imposed on the ventricle after initiation of 
contraction and is represented by pulmonary vas-
cular resistance (PVR) and dynamic and static 
pulmonary impedance components [1].

The concepts of preload and afterload are not 
completely independent since, judging by the 

Frank-Starling mechanism, an increase in pre-
load will lead to SV growth and an increase in 
blood pressure which itself represents an increase 
in afterload. However, ventricular pressure is pri-
marily related to the degree of stretching of myo-
cardial fibres at the end diastole, whereas 
afterload is related to the parietal stress devel-
oped by these fibres during systole [31].

There is a complex interaction between the 
determinants of RV performance and their under-
standing usually requires invasive studies of the 
pressure-volume curves, otherwise it is difficult, 
in vivo, to differentiate the contribution of one or 
more factors to the RV performance changes. The 
pressure-volume curve describes changes in vol-
ume and ventricular pressure during a cardiac cycle. 
The cardiac cycle can be divided into four different 
phases: (1) the filling phase, (2) the isovolumic con-
traction phase, (3) the ejection phase, (4) the iso-
volumic relaxation phase, phases that can be found 
in the volume-pressure curve [34] (Fig. 5.2).

In order to obtain information on ventricular 
systolic and diastolic properties, it is necessary to 
record several such curves preferably by reducing 
the preload, which can be achieved by vena cava 
occlusion with a balloon inserted via a catheter. 
With these curves, the end-systolic pressure-
volume relationship (ESPVR) can be defined as the 
line connecting the end-sistolic points on the curves 
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Fig. 5.2  Right ventricular presure-volume curves. (a) 
Represantation of RV pressure-volume loop with the four 
phases of the cardiac cycle (1—the filling phase, 2—the 
isovolumic contraction phase, 3—the ejection phase, 4—
the isovolumic relaxation phase). The more triangular 
shape of the RV pressure-volume loop, as opposed to LV, is 
the reason why maximal elastance (Emax) does not concide 
with end systolic elastance (Ees). (b) Schematic represanta-
tion of basic measures of pressure and volume relation-

ships. The end-systolic pressure-volume relationship 
(ESPVR) and end-diastolic pressure-volume relationships 
(EDPVR) define the boundaries of the pressure-volume 
loops for a given contractile state of the ventricle. Changes 
in preload (as shown with dashed lines) or afterload alter 
the shape and position of the loops, however, the end-sys-
tolic and end-diastolic points will always fall on the ESPVR 
and EDPVR. Therefore, ESPVR and EDPVR can be used 
as load independent measures of contractility
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previously drawn. By measuring the ESPVR slope, 
ventricular elasticity (E) is obtained which is con-
sidered to be the best parameter for describing 
myocardial contractility, since it is shown to be 
independent of preload or afterload [35]. Both E 
max (maximal elasticity), the maximum value of 
pressure-to-ventricular volume ratio in one cardiac 
cycle as well as E es (end-systolic elasticity), being 
the same ratio at the end of systole, were described 
[36]. For the LV, the pressure-volume curve is rect-
angular, therefore, E max and E es overlap. 
However, the RV works in a low impedance system 
which causes the blood ejection to continue even 
after the RV pressure begins to decrease—the so-
called ‘hangout’ period previously described. This 
phenomenon makes end-systolic identification dif-
ficult and contributes to a rather triangular shape of 
the RV pressure-volume curve. Thus, for RV con-
tractility evaluation, Emax is considered a better 
parameter than Ees [37] (Fig. 5.2).

Even though very useful in the characterization 
of RV true function/contractility, the manipulation 
of venous return through the insertion of a vena 
cava balloon catheter to generate families of pres-
sure—volume loops make the clinical availability 
very limited as it increases the invasiviness of the 

right heart catheterisation (RHC). Several new 
mehods have been developed in order to increase 
availability in clinical practice as the use of Valsalva 
maneouver to generate RV pressure-volume loops 
at decreased venous return or the use of volume 
measurements by MRI or three-dimensional echo-
cardiography along with RHC pressure measure-
ments [38, 39]. However, one method has been 
better validated, initialy for the LV and adapted 
afterwards for the RV, a method aiming at determin-
ing ESPVR from a single pressure-volume loop 
[40]. This single-beat method relies on the assump-
tion that ESPVR is the same in ejecting and isovolu-
mic beats. In an isovolumic beat, the ESP would 
reach the highest possible value (Pmax) for a given 
contractility. Moreover, in the single-beat method, it 
is assumed that the pressure curve of an isovolumic 
contraction can be approximated by a sine wave and 
that the sine wave can be extrapolated from normal 
ejecting beats [40, 41]. Pmax is estimated as the 
peak value of the sine wave and the ESPVR is cal-
culated from the slope of a tangent from P max to 
the pressure–volume curve [42] (Fig. 5.3).

Heart rate is an important additional parameter 
in determining ventricular function in both normal 
heart and as a mechanism of acute adaptation to 
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Fig. 5.3  The single-beat method for deriving right 
ventricular and arterial elastance and right ventricular–
arterial coupling (Ees and Ea). (a) Calculation of P 
max (maximal isovolumic pulmonary arterial pres-

sure) (b) Calculation of Ees and Ea for both a normal 
patient and one with pulmonary hypertension (PAH) 
using the single beat method. Reproduced with per-
mission from [43]
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hemodynamic changes. The force-rate relation-
ship or Bowditch effect has been described both 
in vitro and in vivo and refers to the increase in 
contractile force as a result of increased heart rate. 
In vivo, however, at increased heart rate, the effect 
is counterbalanced by reduced diastole and implic-
itly by reduced ventricular filling [44].

Cardiac rhythm and contraction synchronicity 
are mechanisms that can influence ventricular per-
formance, especially in the presence of RV dys-
function. In the case of acute myocardial infarction 
or chronic right ventricular failure, the onset of 
atrial fibrillation or atrioventricular block cause 
worsening of the clinical and hemodynamic pic-
ture [1]. Asynchronous contraction of RV may 
lead to decreased ventricular performance by sub-
optimal coordination of mechanical function. The 
importance of this mechanism has been demon-
strated especially in pathological situations such 
as PH or CHD such as Tetralogy of Fallot [45, 46].

5.3.4	 �Regulatory Mechanisms 
of Right Ventricular Function

As in the case of the LV, the acute adjustments of 
RV function in response to haemodynamic changes 

are done through heart rate, Frank-Starling mecha-
nism and neurovegetative system [1, 18, 19].

The RV displays an increased responsiveness 
to adrenergic drive than LV, with studies suggest-
ing an intrinsic difference in miocitic intracellu-
lar signiling [47]. There is a difference in the 
response to sympathetic stimulation withing the 
RV as well, current data supporting an increased 
inotropic response of the infundibular comparti-
ment in comparison with the inlet [48].

The RV function regulatory mechanisms, 
when in the physiologic range, are in general the 
consequences of changes in preload (for instance 
the increase in venous return with legs lift) and 
afterload (exercise) and rarely are the result of the 
direct action of different factors on inotropy [34].

In both the physiological and the pathological 
range, the RV has several mechanisms to adapt to 
pressure or volume overload. In acute pressure 
overload, three mechanisms potentially contrib-
ute to increased contractility such as the hetero-
metric adaptation (Frank-Starling effect), 
homeometric adaptation (Anrep effect) and the 
neurohormonal induced inotropic changes (espe-
cialy the simpatetic nervous system) (Fig.  5.4). 
The Anrep effect represents the homeometric 
adaptation (without changes in cavitary dimen-

Heterometric autoregulation
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Fig. 5.4  Representation of heterometric and homeomet-
ric autoregulation of the right ventricle. Left panel—
increased preload leads to an increase in SV by the same 
ΔVed through heterometric autoregulation. When afterload 
increases, both heterometric and homeometric responses 
are activated. In heterometric autoregulation (center 
panel), an increase in EDV (ΔVed) leads to an increase in 
pressure (ΔPes) with no change in SV and inotropy. In 
homeometric autoregulation (right panel), a pressure 

increase (ΔPes) to match increased afterload is achieved by 
increasing RV contractility (ΔEes) with no change in SV 
and preload. The end-systolic pressure-volume relation-
ship (ESPVR) line and the end-diastolic pressure-volume 
relationship (EDPVR) line define the limits of RV work-
ing conditions. EDV end diastolic volume, EDPVR end 
diastolic pressure volume relationship, ESPVR end dia-
stolic pressure volume relationship, SV stroke volume. 
Reproduced with permission from [41]
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sions) consisting in contractility increase in the 
absence of other external regulatory factors such 
as the intervention of the neurovegetative system. 
Even though its existence has been debated, there 
are evidences suggesting the Anrep effect is the 
first mechanism for initial adaptation to increased 
afterload [49–51]. The Frank-Starling mecha-
nism or heterometric adaptation allows stroke 
volume preservation despite increased pressure 
load due to end-diastolic RV volume increase 
[34, 36]. Sympathetic tone increase and its 
inotropic effect can be induced through arterial 
hypotension and baroreceptor activation due to 
RV stroke volume reduction secondary to pres-
sure overload or by primary myocardial catheco-
lamine release [52]. Acute increase in volume 
overload is primarily accompanied by changes in 
RV end-diastolic volume and inotropic increase 
through Frank-Starling mechanism [53, 54].

The adaptative particularities of the RV are 
related to myocardial structure and oxygen 
demand as well. The RV is characterized by an 
increased resistence to ischemia resulting from 
multiple mechanisms: (1) Lower oxygen demand 
probably related to a lower mithocondrial density 
at the myofilament level [55], (2) higher oxygen 
extraction capacity than LV in the setting of hae-
modynamic stress [56] and (3) coronary circula-
tion properties that allow myocardial perfusion 
both in systole and diastole along with an 
increased vasodilatatory response to adrenergic 
stimulation than LV [1, 57].

5.3.5	 �Ventriculo-Arterial Coupling

Right ventricular performance depends on the 
appropriate ventricular myocardial function, on LV 
function through interventricular interdependence, 
as well as on the efficient haemodynamic interac-
tion with the pulmonary circulation [1, 41]. If in the 
past research, for instance in PH, was focused on 
studying either the RV function or the pulmonary 
circulation as separate entities, it has now become 
evident the importance of studying the cardiopul-
monary system as a unit [18].

Interaction between RV and the pulmonary 
circulation has been studied both in physiologic 
as well as pathologic states through the concept 

of ventriculo-arterial coupling (VAC) [41]. In this 
view, the ventricle and the arterial system are 
seen as elastic chambers and their properties are 
described in the same measurement unit. The 
most frequently utilized model is the one where 
RV and pulmonary circulation characteristics are 
expressed in elastance [58]. Elastance (E) is 
defined as the change in pressure per volume unit 
and it can be evaluated through pressure-volume 
curves. Arterial elastance (Ea) can be measured 
on the pressure-volume curve by dividing pres-
sure in the Emax point (maximum ventricular 
elastance) by SV [41] (Fig. 5.3).

The load independency of indices of ventricu-
lar function or contractility referes to the immedi-
ate ‘beat-by-beat’ independency as contractility 
or Emax adapts to afterload after several beats. 
This reflects the homeometric adaptation (starting 
after 30 s) replacing the initial heterometric adap-
tation. Therefore, the interest of measuring Ea is 
that it corresponds to the hidraulic load faced by 
the right ventricle and allows the correction of 
Emax for afterload. Moreover, they can be mea-
sured on the same pressure-volume loop [42].

In an electrical or mechanical system, power 
transmission is done with maximal efficiency when 
the impedance emitted by the power producing 
system is equal to the impedance received by the 
power receiving system [18, 59]. Therefore, as 
elastance is closely related to impedance, it is prob-
able that the maximal power transmission from the 
ventricle to the vascular system is achieved when 
Emax is equal to Ea. However, in the human pul-
monary circulatory system, where the mechanical 
properties vary with time, current data suggests 
that maximal efficiency is obtained at a ratio of 
Emax/Ea of approximately 1.5–2 [60, 61].

In the right heart circulation, in normal haemo-
dynamic conditions, the RV performs at maximal 
efficiency and submaximal mechanical work. If 
the RV becomes dysfunctional, E max and Emax/
Ea decreases indicated inappropriate coupling 
and decreased myocardial efficiency. In the case 
of inappropriate afterload increase such as in PH, 
VAC is initialy maintained through RV contractil-
ity increase whereas in the later disease stages, the 
association between ventricular dysfunction and 
arterial pressure increase leads to an important 
ventriculo-arterial mistmach [38].
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�Conclusion

The right ventricle, once the forgotten cham-
ber, has now been recognized as an important 
determinant of cardiovascular function in both 
health and disease. It has a complex three 
dimensional shape and contracts in a sequen-
tial pattern from the inlet to the outlet part. The 
RV systolic performance is highly influenced 
by preload and afterload and adaptation to 
changes in filling condition are done mainly 
through heterometric autoregulation. However, 
RV diastolic and systolic function can be 
described by a time varying elastance.

Right ventricular performance depends on 
the appropriate ventricular myocardial function 
as well as on the efficient haemodynamic inter-
action with the pulmonary circulation, assess-
ment of ventriculo-arterial coupling being 
possible through the concept of elastance.
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Effect of Endurance Sport 
on the Right Heart

Antonis S. Manolis and Antonis A. Manolis

Abstract

The right ventricle (RV) responds differently to 
prolonged exhaustive and competitive exercise, 
usually with enlargement, than does the left 
ventricle. Evidence has accumulated indicat-
ing that regular intense endurance exercise and 
sporting can promote electrical and structural 
remodeling of the RV, leading to fibrosis. This 
“exercise-induced cardiomyopathy” mimics 
features observed in arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy (ARVD/C). 
In addition, exercise-induced impairment in 
atrial function (atrial remodeling), mostly in 
the right atrium related to RV systolic dysfunc-
tion, has also been suggested which favors the 
development of atrial arrhythmias. It should 
be noted that these adverse effects seem to be 
limited to extreme intensity levels of exercise 
and not related to recreational or moderate 
exercise levels. These deleterious effects of 
heavy endurance exercise on the right heart 
can be studied by several methods, including 
standard and newer echocardiographic tech-
niques, stress testing methods, standard ECG, 
cardiac magnetic resonance imaging, biomark-

ers, electroanatomical mapping and/or an elec-
trophysiology study, and in specific cases by 
genetic testing. All these issues are reviewed 
in this chapter.

Keywords

Exercise · Endurance sport · Right heart · 
Right ventricle · Cardiac arrhythmias · Sud-
den death · Arrhythmogenic right ventricular 
cardiomyopathy/dysplasia · Echocardiogra-
phy · Electrocardiography · Cardiac mag-
netic resonance imaging

Abbreviations

AF	 Atrial fibrillation
ARVD/C	 Arrhythmogenic right ventricular 

dysplasia/cardiomyopathy
CMR	 Cardiac magnetic resonance imaging
ECG	 Electrocardiogram
RBBB	 Right bundle branch block
RV	 Right ventric-le (-ular)

6.1	 �Introduction

It has been suggested since over 25  years ago 
that the right ventricle (RV) responds differ-
ently to prolonged competitive exercise, usually 
with enlargement, than does the left ventricle 
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[1]. Since then, accumulating evidence suggests 
that regular intense endurance exercise and sport-
ing can promote structural and electrical changes 
or remodeling of the RV, culminating in fibrosis, 
mimicking features which are observed in arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy 
(ARVD/C) [2, 3]. This “exercise-induced cardiomy-
opathy” relates to adaptive remodeling of the heart 
during exercise, with the heaviest toll falling on 
the RV, which may become pro-arrhythmic [4, 
5]. Furthermore, exercise-induced impairment in 
atrial function, mostly in the right atrium related 
to RV systolic dysfunction, has also been sug-
gested and this atrial remodeling may favor the 
development of atrial arrhythmias [6]. However, 
these adverse effects seem to be limited to extreme 
intensity levels of exercise (Table  6.1) and not 
related to recreational or moderate exercise levels. 
It appears that the RV is most vulnerable during 
extreme exercise, as the RV wall stress at peak 
exercise in athletes may increase by 170% com-
pared with only a 23% increase in left ventricular 
wall stress. [7] Thus, intense endurance exercise 
causes acute dysfunction of the RV, but not of the 
left ventricle. Repetitive insults of the RV sus-
tained by endurance sports may lead to chronic RV 
dysfunction and arrhythmogenesis, particularly in 
individuals who may unknowingly be carriers of 
desmosomal or other elusive mutations [8].

The adverse effects of extreme compared to 
moderate exercise were recently shown in an 
experimental long-term endurance training rat 
model, in which the investigators assessed the 
relationship between RV remodeling and exercise 
load [9]. They showed a biphasic, unbalanced RV 
remodeling response with increasing doses of 

exercise. A physiological adaptation after moder-
ate training turned adverse and maladaptive with 
intensive training, leading to disproportionate RV 
dilatation, decreased contractility and impaired 
diastolic function.

There are several tools that may be used for 
assessing the right heart in intense endurance ath-
letes or athletes presenting with arrhythmias, 
which will be herein briefly reviewed (Table 6.2).

6.2	 �Echocardiography

Echocardiography, a widely available imaging 
technique, can provide useful data in the field of 
sports cardiology particularly for pre-participation 
screening and also and importantly for analysis of 
the cardiac adaptation induced by exercise [10]. 
RV dimensions, as measured by echocardiogra-
phy, are larger in endurance athletes than those 
described by “normal ranges” and frequently meet 
the major criteria for the diagnosis of ARVD/C 
[11]. However, functional assessment of RV strain 
has been proposed to aid in this differential diag-
nosis [12]. Ambiguous resting measures in endur-
ance athletes could be clarified by exercise strain 
rate imaging [13]. Examining the influence of 
high-intensity endurance exercise on global ven-
tricular tissue deformation (strain) may be able 
to discern whether exercise-induced functional 
cardiac disturbances are global or segmental. 

Table 6.1  Endurance sports with high intensity dynamic 
and/or static exercise component (partial list) [48]

    • Distance cycling

    • Distance running (marathon)

    • Distance track and field

    • Distance swimming

    • Triathlon

    • Cross-country skiing

    • Boxing

    • Rowing

    • Canoeing

Table 6.2  Assessment of the right heart in intense endur-
ance athletes or athletes presenting with arrhythmias

Echocardiography

  Standard techniques

 � Newer techniques (e.g. speckle tracking and strain 
imaging/exercise strain imaging/3D echo)

ECG

Holter monitor

CMR with gadolinium enhancement

Stress testing (ETT/Exercise echo/exercise CMR)

Biomarkers (cTn/BNP)

Electroanatomical mapping

Electrophysiology study

Genetic testing

BNP brain natriuretic peptide, CMR cardiac magnetic 
resonance imaging, cTn cardiac troponin, ECG electro-
cardiogram, ETT exercise tolerance test
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A recent echocardiographic study showed that 
changes in ventricular strain following high-inten-
sity exercise were more profound in the RV than in 
the left ventricle, as expected; however, reductions 
in left ventricular strain were unique to the septal 
myocardium and may reflect ventricular interac-
tions secondary to exercise-induced RV dysfunc-
tion [14].

The physiological adaptation of the RV in 
response to endurance training was also investi-
gated in 63 elite athletes, 58 athletes, and 61 
healthy controls with conventional echocardiog-
raphy, tissue Doppler imaging, and 2D strain 
echo [15]. Left ventricular and RV dimensions 
were significantly increased in both groups of 
athletes compared with controls, while RV sys-
tolic velocities and displacement were not differ-
ent between the groups. RV strain and strain rate 
values were reduced in the RV basal and mid-
segment in athletes. Athletes with marked RV 
dilatation showed lower strain and strain rate val-
ues in the basal and mid segment, whereas ath-
letes without RV dilatation showed no significant 
difference compared with the controls. The 
authors concluded that reduced regional defor-
mation and deformation rates in the basal RV 
segment in athletes, most pronounced in athletes 
with RV dilatation, represent normal adaptation 
to exercise.

Thus, as regular physical exercise induces 
mild left ventricular hypertrophy which can be 
considered an adaptive consequence to exercise, 
[16] similarly, an increase of RV dimensions 
without RV dysfunction induced by endurance 
training may be considered a physiologic adap-
tation and expression of the athlete’s heart [17, 
18]. However, extreme exercise can confer some 
deleterious effects, mostly affecting the RV [4]. 
A meta-analysis of 14 studies, comprising 329 
healthy adult participants, and reporting RV 
function pre-endurance and post-endurance 
exercise, indicated that intense prolonged exer-
cise is associated with a measurable reduction 
in RV function while LV function is relatively 
unaffected [19].

An acute RV impairment has been demon-
strated after a trail-running race, related to the 
amount of exercise, albeit with a high inter-

individual variability [20]. More advanced right 
heart (RV and right atrial) morphological and 
functional remodeling has been detected by 
speckle-tracking echocardiography induced by 
strenuous and chronic exercise training during 
ultra-trail (mountain) running compared to con-
ventional marathon running [21]. Long-term 
endurance training may induce bi-ventricular 
remodeling, which is similar in males and females 
[22]. However, males may have larger RV size 
and lower bi-ventricular deformation.

Although different types of extreme sports 
(Table 6.1) involve different types of stress, and 
may have distinct influences on left ventricular 
volume and mass parameters, it appears that they 
may induce similar degrees of RV dilation [23].

Even in athletes with apparently normal car-
diac function at rest, who have ventricular 
arrhythmias, echocardiographic and cardiac 
magnetic resonance (CMR) imaging measures of 
RV function performed during exercise may 
detect RV dysfunction during exercise separating 
them from healthy individuals [24].

In addition to RV dysfunction, right atrial 
function impairment may also be induced by 
extreme exercise. According to an echocardiog-
raphy study performed in 55 healthy adults at 
baseline and after a 3-stage trail race, an acute 
exercise-dose dependent impairment in atrial 
function was observed, which was related to RV 
systolic dysfunction. The authors concluded that 
the impact on atrial function of long-term endur-
ance training might lead to atrial remodeling, 
favoring atrial arrhythmia development [6].

6.3	 �Surface Electrocardiogram 
(ECG)

As already detailed, prolonged high-intensity 
exercise has been reported to exert a profound 
effect on cardiac function, particularly on the 
right heart which appears to be more suscepti-
ble to this deleterious effect [25]. A recent 
study examined the ECG changes in the right-
sided leads in 30 highly trained athletes induced 
by a 100-mile endurance run [25]. Pre- to post-
race, a significant increase in P wave amplitude 
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(29%) and QTc interval (4%) could be detected 
on a standard 12-lead ECG.  Also, a 23% 
(P  =  0.01) and 38% (P  =  0.03) increase in J 
point amplitude in V1R and V2R and a 22% 
(P = 0.05) increase in ST segment integral in 
V2R and V3R were evident. T wave inversion 
was evident in leads V2R-V6R in 50–90% of 
athletes. Close examination revealed marked 
heterogeneity in individual ECGs. The authors 
concluded that completion of a 100-mile ultra-
marathon resulted in significant changes in the 
right-sided ECG alongside more marked 
responses in specific individuals. P wave, ST 
segment and T wave changes post-race were 
considered indicative of acute exercise-induced 
right heart electrical adaptation.

The ECG plays a significant role in the dif-
ferentiation between physiological adaptations to 
endurance exercise and underlying RV pathology 
such as ARVD/C [26–30]. In Caucasian endurance 
athletes, T-wave inversion in the right precordial 
leads is relatively common, however, as this ECG 
sign also characterizes ARVD/C, it should prompt 
extensive evaluation for ARVD/C.  In black ath-
letes, convex ST-segment elevation with biphasic 
T-wave inversion in leads V1–V4 is a common 
benign finding, but if symmetrical anterior T-wave 
inversion in V1–V3 is preceded by isoelectric or 
downsloping ST segments, it should lead to further 
investigation to rule out ARVD/C.  Also, symp-
toms of palpitations or presyncope or syncope in 
athletes with even minor diagnostic ECG-findings 
should prompt extensive evaluation including 
echocardiography, Holter monitoring, maximal 
exercise-ECG testing and possibly a CMR and an 
electrophysiology study. Similarly, voltage ECG 
signs of RV hypertrophy and right axis deviation 
and/or deep right precordial T wave inversion 
defines abnormal RV afterload and should trigger 
further evaluation [27].

Thus, physiological cardiac adaptation to regu-
lar exercise may include biventricular dilation and 
T-wave inversion, which may create diagnostic 
overlap with ARVD/C. A study compared athletes 
with T-wave inversion (n = 45), athletes without 
T-wave inversion (n = 35), and ARVD/C patients 
(n = 35) [30]. There were no electrical, structural, 
or functional cardiac differences between athletes 

with or without T-wave inversion. Compared with 
ARVD/C patients, markers of physiological 
remodeling or nonspecific parameters, and indi-
cators of RV pathology could be identified 
(Table 6.3).

Another study analyzed ECGs in competitive 
rowers (n = 330, 56% male) [31]. The majority 
(94%) of rowers had one or more training-related 
ECG patterns including sinus bradycardia (51%), 
sinus arrhythmia (55%), and incomplete right 
bundle branch block (RBBB) (42%). Males were 
more likely than females to have isolated voltage 
criteria for left ventricular hypertrophy (51% vs 
8%, p < 0.001) and early repolarization pattern 
(76% vs 23%, p < 0.001). The authors concluded 
that training-related ECG patterns with several 

Table 6.3  Classification of ECG and other findings in 
athletes

Markers of physiological remodeling

    • Early repolarization

    • Biphasic T-wave inversion

    • Voltage criteria for RVH or LVH

    • Symmetrical cardiac enlargement

    • RBBB (incomplete or complete)

Nonspecific findings

    • Prolonged QRS terminal activation

    • ≤2 abnormal signal averaged ECG parameters

    • RV dilation without wall motion abnormalities

    • RV outflow tract ectopy

    • Exercise-induced T-wave pseudo-normalization

Indicators of RV pathology

    • �Symmetrical anterior T-wave inversion in V1–3 
preceded by isoelectric or down-sloping ST segment

    • �RVH and right axis deviation and/or deep right 
precordial T wave inversion

    • Q waves or precordial QRS amplitudes <1.8 mV

    • 3 abnormal signal averaged ECG parameters

    • Delayed gadolinium enhancement

    • �RV ejection fraction ≤45%, or wall motion 
abnormalities at CMR

    • �>1000 PVCs (or >500 non-RV outflow tract 
PVCs) per 24 h on Holter monitor

    • Syncope

    • �Symptoms, ventricular tachyarrhythmias, or 
attenuated blood pressure response during exercise

CMR cardiac magnetic resonance (imaging), LVH left ven-
tricular hypertrophy, PVC premature ventricular contrac-
tion, RBBB right bundle branch block, RV right ventricle, 
RVH right ventricular hypertrophy
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gender-based differences are common among 
competitive rowers.

The 12-lead ECG and echocardiographic data 
from 510 competitive athletes were analyzed and 
compared to 51 age-, sport type-, and gender-
matched athletes with normal QRS duration [32]. 
The 44 athletes with incomplete RBBB (9%) and 
13 with complete RBBB (3%) had larger RV 
dimensions. Athletes with complete RBBB also 
had a relative reduction in the RV systolic func-
tion at rest. QRS prolongation was associated 
with parallel increases in interventricular dyssyn-
chrony. Despite these findings, no athlete with 
RBBB was found to have pathologic structural 
cardiac disease. The authors concluded that 
among trained athletes, complete or incomplete 
RBBB appear to be markers of a structural and 
physiological cardiac remodeling triad character-
ized by RV dilation, a relative reduction in the 
RV systolic function at rest, and interventricular 
dyssynchrony.

6.4	 �Cardiac Magnetic Resonance 
(CMR)

Cardiac magnetic resonance imaging (CMR)  
performed pre- and post-exercise demonstrated 
biventricular systolic and diastolic dysfunction 
occurring after 14 min of high-intensity exercise 
in endurance trained athletes, a phenomenon not 
observed in normally active individuals [33].

Myocardial fibrosis detected by CMR has 
been reported in athletes, predominantly identi-
fied in the intraventricular septum and where 
the RV joins the septum [34]. The underlying 
mechanisms remain unknown, although some 
studies have suggested that there may be evi-
dence for genetic predisposition, silent myocar-
ditis, pulmonary artery pressure overload, and 
prolonged exercise-induced repetitive micro-
injury as contributors.

Contrariwise, according to a recent study 
examining the cardiac structure and function in 
33 long-term elite master endurance athletes (age 
range, 30–60 years) with special focus on the RV 
by contrast-enhanced CMR, RV ejection fraction 
did not differ between athletes and control sub-

jects (n = 33) [35]. Pathological late gadolinium 
enhancement on CMR was detected only in one 
athlete. The authors concluded that based on their 
results, chronic RV damage in elite endurance 
master athletes with lifelong high training vol-
umes seems to be unlikely, and suggest that the 
hypothesis of an exercise-induced ARVD/C has 
to be questioned.

A study performing CMR imaging in commu-
nity-based participants without clinical cardio-
vascular disease, demonstrated that higher levels 
of physical activity in adults were associated 
with greater RV mass and volumes (exercise-
associated RV remodeling) independent of the 
associations with LV mass [36].

RV enlargement, detected by echo, almost 
always occurs in presence of LV enlargement in 
athletes. When isolated RV enlargement is pres-
ent, underlying disease should be suspected. 
CMR may be particularly helpful to image mor-
phologic RV changes and differentiate between 
athlete’s heart and ARVD/C [37]. High-spatial 
resolution imaging with CMR can provide accu-
rate quantification of RV volumes and function 
while reliably identifying RV focal wall motion 
abnormalities, which support a diagnosis of 
ARVD/C.  In addition, CMR can identify fatty 
infiltration of the RV via tissue characterization, 
and although imaging of fat is currently not one 
of the criteria for diagnosis, its presence can be 
helpful. Finally, late gadolinium enhancement of 
the RV free wall can be seen in ARVD/C, a find-
ing not encountered in athlete’s heart. Thus, 
CMR should now be regarded as an integral part 
of the contemporary assessment of athletes in 
whom a suspicion of structural heart disease is 
entertained.

6.5	 �Biomarkers

According to a systematic review and metaanaly-
sis (45 studies) of biomarker and cardiovascular 
imaging changes after endurance exercise, across 
all studies, cardiac troponin T (cTnT) exceeded 
the cutoff value (0.01 ng/mL) in 51% of partici-
pants [38]. The measured pooled changes from 
baseline for high-sensitivity cTnT (hs-cTnT) 
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were +26  ng/L, for cTnI +40  ng/L, for BNP 
+10  ng/L, for NT-proBNP +67  ng/L, and for 
d-dimer +262 ng/mL. Right ventricular end dia-
stolic diameter increased and RV ejection frac-
tion as well as the ratio of the early to late 
transmitral flow velocities decreased after exer-
cise, while no significant changes were observed 
in left ventricular ejection fraction. The authors 
concluded that cardiovascular biomarkers (cTnT, 
hs-cTnT, BNP, NT-proBNP, and d-dimer) that are 
used in clinical diagnosis of pulmonary embo-
lism, acute coronary syndrome, and heart failure 
are prone to alterations due to strenuous exercise, 
with the major toll falling on the RV. Nevertheless, 
other investigators have asserted that exercise-
induced cardiac troponin release is not a marker 
of exercise-induced pathology but likely a physi-
ologic response to exercise [39].

A study conducted in 40 well-trained endur-
ance athletes by measuring cytokines, cardiac 
troponin and BNP and performing echocardiog-
raphy prior to and immediately following one of 
four endurance sporting events ranging from 3 to 
11 h duration, demonstrated cardiac, mainly RV, 
dysfunction following intense endurance exer-
cise to be associated with increased expression of 
pro-inflammatory cytokines [40].

According to a study which screened 60 non-
elite participants before and after the 2004 and 
2005 Boston Marathons, with echocardiography 
and serum biomarkers (cardiac troponin T and 
N-terminal pro-brain natriuretic peptide), com-
pletion of the marathon was associated with cor-
relative biochemical and echocardiographic 
evidence of RV dysfunction and injury, and this 
risk was increased in those participants with less 
training [41].

6.6	 �Electroanatomical Mapping

In competitive athletes presenting with recent-
onset ventricular arrhythmias and an apparently 
normal heart, electroanatomical mapping has 
been suggested that it may diagnose concealed 
myocardial diseases, such as ARVD/C [42]. 
Electroanatomical mapping during catheter abla-
tion of ventricular tachycardia (VT) in athletes 

has also suggested a new clinical entity of an iso-
lated anterior subepicardial RV outflow tract scar 
serving as a substrate for fast VT in high-level 
endurance athletes that can be successfully 
treated by ablation [43]. This scar pattern may 
allow distinguishing exercise-induced arrhyth-
mogenic remodeling from ARVD/C and post-
inflammatory cardiomyopathy, whereby scars 
involve the subtricuspid RV area.

6.7	 �RV Arrhythmogenesis

Whether intense and sustained exercise can 
induce an RV cardiomyopathy similar to herita-
ble ARVD/C [2] or it facilitates the clinical 
unveiling of latent ARVD/C in desmosomal car-
riers [8] has not been definitely demonstrated. In 
either case, extreme exercise may confer deleteri-
ous cardiac effects in certain elite endurance ath-
letes and this needs to be considered when 
evaluating these individuals, whereby exercise 
restriction may need to be recommended in order 
to mitigate the arrhythmogenic risk and protect 
them from sudden cardiac death; in symptomatic 
patients, implantation of an implantable cardio-
verter defibrillator may need to be considered. 
Such a recommendation can be certainly facili-
tated by performance of clinical genetic testing 
for ARVD/C in selected athletes, who may be 
clinically unaffected mutation carriers, particu-
larly when they come from families with a pro-
band diagnosed with ARVD/C [8, 44].

According to a study involving 46 high-level 
endurance athletes with ventricular arrhythmias, 
RV arrhythmogenic involvement was manifest in 
59% of the athletes, and suggestive in another 
30% [2]. The authors concluded that complex 
ventricular arrhythmias do not necessarily repre-
sent a benign finding in endurance athletes. An 
electrophysiology study with programmed elec-
trical stimulation is indicated for risk evaluation, 
both by defining inducibility and identifying the 
arrhythmogenic mechanism, and finally guiding 
therapy.

Other investigators have examined the dis-
proportionate role of exercise in the pathogen-
esis of ARVD/C in patients without desmosomal 
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(gene-elusive) mutations [45]. They studied 82 
ARVD/C patients (39 desmosomal) by interview-
ing them about regular physical activity from age 
10. All gene-elusive patients were endurance ath-
letes. Family history was less prevalent among 
gene-elusive patients (9% vs 40% desmosomal, 
P  <  0.001), suggesting a greater environmental 
influence. Gene-elusive patients who had done 
the most intense exercise prior to presentation 
had a younger age of presentation (P = 0.025), 
greater likelihood of meeting ARVD/C diagnos-
tic criteria (100% vs 43%, P = 0.02), and shorter 
survival free from a ventricular arrhythmia at fol-
low-up (P = 0.002). The authors concluded that 
gene-elusive, non-familial ARVD/C is associated 
with very high intensity exercise suggesting exer-
cise has a disproportionate role in the pathogen-
esis of these cases.

As already alluded to, in athletes with arrhyth-
mias, some investigators [24] have promoted the 
use of exercise echocardiographic and CMR imag-
ing to measure the RV function during exercise in 
order to identify athletes with subtle RV dysfunc-
tion which only becomes apparent under the hemo-
dynamic stress of exercise, and thus discern from 
the healthy ones the very small group of athletes 
who are at greater risk of serious arrhythmias.

In view of ARVD/C being one important 
cause of sudden cardiac death in ~4–13% among 
athletes, [46] findings of RV remodeling in an 
athlete create a diagnostic dilemma. In the endur-
ance athlete, the RV outflow tract may be dilated 
compared to healthy controls, however, the RV 
inflow appears to be dilated to a greater degree, 
albeit without an impairment of RV function 
[47]. In contrast, it is predominantly the RV out-
flow that is enlarged in ARVD/C, also combined 
with RV dysfunction. As already mentioned, 
strain and/or exercise imaging can aid in the dif-
ferential diagnosis, as well; the lower RV global 
strain values found in elite endurance athletes are 
due to a reduction in basal function, suggesting 
that global RV strain is likely to be a useful indi-
cator of physiological adaptation, as well as an 
enhanced contractile reserve of the basal RV seg-
ment during exercise [13, 15]. Thus, the presence 
of RV inflow dilatation, normal RV function dur-
ing exercise and the lack of RV outflow 

aneurysm(s) or diverticuli are consistent with 
physiological adaptation [47].

�Conclusion

Regular intense endurance exercise can pro-
mote structural and electrical changes or remod-
eling of the RV, mimicking features which are 
observed in ARVD/C. Exercise-induced impair-
ment in right atrial function has also been sug-
gested and this atrial remodeling may favor the 
development of atrial arrhythmias. These dele-
terious effects of heavy endurance exercise on 
the right heart can be studied by several meth-
ods, including standard and newer echocardio-
graphic techniques, stress testing methods, 
standard ECG, CMR, biomarkers, electroana-
tomical mapping and/or an electrophysiology 
study, and in specific cases by genetic testing. 
Thus, assessment of the right heart and its 
arrhythmogenic potential should constitute an 
integral component of risk assessment in intense 
and prolonged endurance athletes or in athletes 
presenting with arrhythmias.
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Systolic and Diastolic Right 
Ventricular Dysfunction
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Abstract

The right ventricle (RV) was often considered 
clinically insignificant owing to its less mus-
cular structure and its restricted blood flow to 
a single organ system, the pulmonary system. 
These misconceptions have resulted in this 
chamber being understudied; and therefore, 
limited available research data. The truth is, 
both ventricles are highly dependent on each 
other for normal functioning of the cardiovas-
cular system. Therefore, abnormalities in one 
ventricle adversely impact the function of the 
other. Recent research on RV implicated that 
the RV is an important contributor in cardio-
vascular diseases processes. Thus, this chapter 
tries to elucidate some of the importance of 
the RV and its contribution to right ventricular 
dysfunction.
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7.1	 �Introduction

In the past, the importance of the right ventricle 
(RV) has been underestimated. The RV was often 
considered clinically insignificant owing to its 
less muscular structure and restricted blood flow 
to a single organ system, the pulmonary system 
[1]. Due to this misconception, assessment and 
diagnostic measures for right ventricular dys-
function were understudied. Thus, there is lim-
ited information on right ventricular function and 
its role in various cardiac diseases when com-
pared to the left ventricle (LV) [2]. However, both 
ventricles are highly dependent on each other for 
normal functioning of the cardiovascular system; 
and abnormalities in either ventricle adversely 
impact the function of the other [1]. Recent 
research on this chamber implicated the RV as a 
significant contributor to cardiovascular disease 
processes [3]. Therefore, the National Heart, 
Lung, and Blood Institute highlights the impor-
tance of better understanding of the RV physiol-
ogy as its failure continues to burden the medical 
community [4], necessitating further understand-
ing of ill-defined functional parameters and its 
role in various cardiovascular diseases [2].

According to a study by Bassem, acute decom-
pensated heart failure due to RV failure accounts 
for 2.2% of all cases. However, in one fifth (20%) 
of cases, RV failure presents secondary to acute 
left ventricular failure [1]. In Egypt, for example, 
4.5% of patients with acute heart failure are due 
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to RV failure.  This could be due to the higher 
incidence of rheumatic heart disease which often 
times affects the mitral valve [1].

7.2	 �The Normal Right Ventricle

The normal RV is a thin wall structure that is 
made up RV free wall, interventricular septum 
and the RV outflow tract [5]. The RV muscle 
fibers are composed of two layers namely a cir-
cumferential superficial layer and a longitudinal 
deeper layer [6]. The right ventricular wall is 
thinner; however, it is more compliant than the 
LV as it works against a significantly lower after-
load that is pulmonary vascular resistance [2]. 
Due to the low pressure in the pulmonary circu-
lation system, the pressure in the right heart are 
concomitantly lower compared to the left heart; 
and in conditions with a modest rise in afterload 
(pulmonary vascular resistance), a reduction in 
RV stroke volume is observed [6].

The RV wall is supplied predominantly by the 
right coronary artery (RCA), delivering equal 
amounts of blood during systole and diastole 
[2]. The oxygen demand of the right ventricular 
wall is lower due to the low pressure and RV wall 
stress during systole. Oxygen uptake by the RV 
at rest is an estimated 50% as opposed to an esti-
mated 75% by the LV [7]. The blood flow in the 
RCA supplying the RV is correspondingly lower 
than the LV allowing for a sizable oxygen and 
flow reserve in the RV [6].

7.3	 �Physiology

7.3.1	 �Systolic Function

In normal cardiac performance, the RV ejects an 
equivalent amount of blood as the LV; however, 
uses only 25% effort in comparison to the LV [2, 
6]. The ejection fraction (EF) of the RV ranges 
from 40 to 76% [8]. The RV systolic function is 
attributed to three mechanisms: (1) shortening of 
the fibers longitudinally compared to the twist-
ing and rotational contraction of left ventricular 
fibers, (2) ventricular free wall motion towards 

the inside assisting in pumping blood out of the 
ventricle and (3) contraction of the LV due to the 
shared fibers in the intervetricular septum pull-
ing the right ventricular free wall, creating nega-
tive tension in the muscle fibers [5, 9]. Inotropy, 
afterload and preload are other factors that also 
contribute to the systolic function of the RV. The 
interrelations between these factors are better 
understood with ventricular pressure-volume 
loops as in the Frank-Starling curve [8].

According to Frank Starling’s law of the heart, 
a physiological rise in the venous return to the 
heart results in an increased in the myocardial 
contraction and stroke volume in both ventricles. 
In order to maintain the same stroke volume (SV) 
as the LV, the RV, due to its high surface area to 
volume ratio, needs to generate only a fraction of 
inward movement in comparison to the LV. The 
regular series of right ventricular muscle fiber 
contractions originates in the inlet and trabecu-
lar portions of the right heart, with contraction 
terminating at the smooth outflow tract known as 
the infundibulum. The period between the start 
and the end of contraction ranges from 25 to 
50 ms. But, the contraction of the right ventricu-
lar inflow tract lasts less than that of the outflow 
tract (RVOT) [8].

The pressure in the left heart is significantly 
higher compared to the right heart, but high pres-
sure in the RV during systole surpasses the dia-
stolic pressure in the pulmonary artery in a short 
period resulting in a brief isovolumetric contrac-
tion. When compared to the rounded left ven-
tricular pressure tracing, the pressure in the RV 
exhibits a sharp rise earlier in time followed by 
sudden decrease in the pressure [8].

The interventricular septum (IVS) between 
the two ventricles is responsible for maintaining 
the systolic ventricular interdependence [5]; and 
is capable of preserving normal function, even in 
the presence of a right ventricular scar. In con-
trast to diastolic ventricular interdependence, the 
pericardium does not play a significant role in 
systolic ventricular interdependence. Any distur-
bance in the interdependence results in abnormal 
functional changes in the RV [5, 8]. Thus, the 
ventricular interdependence plays a crucial role 
in the RV dysfunction [8].
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7.3.2	 �Diastolic Function

The diastolic period lasts longer in the RV than 
the LV. During the cardiac cycle, the volume of 
blood within the relaxed RV remains constant i.e. 
isovolumetric relaxation and has decreased early 
(E) and late (A) filling velocity values, resulting 
in a lower E/A ratio. A prolonged filling period 
leads to a rise in right ventricular stroke vol-
ume. The RV is better adapted at distending and 
increasing its volume capacity (compliance) in 
comparison to the LV [8].

The RV preload is affected by numerous fac-
tors such as the relaxation or filling period, com-
pliance, heart rate, pericardium, atria, diastolic 
filling of LV, and the volume of blood in the cir-
culatory system. The pericardial sac exerts more 
external pressure on the RV as compared to the 
LV, due to its thinner and more compliant struc-
ture. As evidenced by numerous research studies, 
ventricular interdependence in diastole is a sig-
nificant factor in normal functioning of the heart. 
Unlike systolic ventricular interdependence, the 
pericardial sac plays an essential role in determin-
ing the diastolic ventricular interdependence [8].

7.4	 �Etiology 
and Pathophysiology

Abnormalities in RV systole and diastole are 
identified as RV dysfunction, while the overt fail-
ure of the right-sided heart can occur in structural 
or functional disorders of the cardiovascular sys-
tem and is manifested clinically with wide range 
of clinical signs and symptoms such as fluid 
retention, Congestive hepatomegaly and cardiac 
cirrhosis [3].

7.4.1	 �Etiology

The right ventricular function can be compro-
mised due to intrinsic factors (vulvular dis-
order, congenital anomalies) [10]; extrinsic 
factors (Left Ventricular failure, pulmonary artery 
Hypertension, hyperthyroidism) [3]; autoimmune 
(SLE, sarcoidosis, Behcet’s disease, Eosinohils 

granulomatosis with polyangiitis) [11] and 
idiopathetic.

The right ventricular function is compromised 
in underlying conditions such as intrinsic myo-
cardial abnormalities, congenital (Tetralogy of 
Fallot, Pulmonary artery stenosis, Transposition 
of Great vessels) [12], atherosclerosis and idio-
pathic pulmonary arterial hypertension (IPAH) 
[13]. However, LV failure remains the leading 
cause of RV failure [5].

Autoimmune diseases such as systemic scle-
rosis can also lead to pulmonary artery hyperten-
sion secondary to inflammation of lung tissue and 
pulmonary arteries resulting in right ventricular 
filling dysfunction [6]. Cor pulmonale attributed 
to structural and functional changes in the RV 
secondary to pulmonary diseases such as chronic 
obstructive pulmonary disease (COPD), IPAH, 
obstructive sleep apnea (OSA), and kyphoscolio-
sis also lead to a rise in pulmonary arterial pres-
sure [14].

7.4.2	 �Pathogenesis

7.4.2.1	 �Systolic and Diastolic 
Dysfunction

The RV dysfunction can be categorized as sys-
tolic or diastolic dysfunction. The genesis of RV 
dysfunction begins with insults (increase in vol-
ume and pressure) to the myocardium. This in 
turn leads to alterations in gene expressions, acti-
vation of cytokines and ventricular remodeling to 
adapt to the prevailing condition [3]. According 
Haddad et al., it was noted that the “RV adapts 
better to volume overload compared pressure 
overload. The RV can withstand the volume over-
load over a long period of time without signifi-
cant decrease in RV systolic function.” Pressure 
overload, on the contrary, may lead to RV dilata-
tion and failure [3].

Microscopically, the histological changes 
observed in the RV are more noticeable in condi-
tions with high pressure states as compared to the 
conditions resulting in volume overload. Typically 
the RV better adapts to high volume states than 
pressure overload [3]. Right ventricular dysfunc-
tion is worsened by a reduction in blood flow and 
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oxygen supply secondary to pressure overload. 
According to a study on mice by Reddy et al., “a 
model of pulmonary insufficiency (PI) and pul-
monary stenosis (PS) were used to demonstrate 
clinical settings in RV dysfunction. In the study, 
mice were assessed weekly over a 3-month period 
after the creation of pulmonary insufficiency and 
pulmonary stenosis. The pulmonary artery band 
gradient and the RV systolic pressure remained 
stable over time while the RV internal diameter 
and RV end-diastolic area progressively increase 
from 1 month to 3 months. Diastolic dysfunction 
developed starting at 1 month after generation of 
PI + PS which was evidence by increase in the on 
echo Doppler triscupid valve E/a ratio which was 
consistent with restrictive RV filling and elevated 
RV end- diastolic pressure on catheterization. At 
2 months, there was noted diastolic dysfunction 
but no signs of RV failure. By the 3 months, sys-
tolic dysfunction has developed and this was evi-
denced by decrease in RV outflow tract shorting 
and by this time developed overt clinical signs of 
RV failure such as edema, tachypnea” [15].

Obstruction of the pulmonary vasculature 
due to thromboembolism causes a sudden rise 
in the pulmonary artery pressure. The acute rise 
in afterload leads to dilatation of the ventricle 
and early dysfunction. In certain long standing 
abnormalities such as congenital pulmonary 
stenosis and Eisenmenger Syndrome, the RV is 
capable of withstanding high pressure states for 
a longer period of time without causing systolic 
or diastolic dysfunction [3]. Additionally, the 
RV tolerates chronic high volume overload in the 
setting of a septal defect between the atria and 
regurgitated tricuspid valve with minimal sig-
nificant functional changes [6]. Extreme volume 
overload in the RV, due to vulvular heart defect, 
congenital cardiac anomalies [10], results in 
compression of the LV and subsequent biven-
tricular dysfunction. The enlarged RV causes 
a leftward displacement of the ventricular sep-
tum with resultant LV dimensional changes and 
creates tension in the pericardium, limiting the 
movement of both ventricles. The ability of the 
LV to distend is markedly reduced as a result of 
pericardial constraint, ultimately decreasing the 
cardiac output.

Arrhythmogenic right ventricular cardiomy-
opathy (ARVC) is a rare hereditary disorder in 
which cardiac myocytes are replaced by fibrous 
and fatty connective tissue resulting in distorted 
right ventricular morphology and function. It has 
an autosomal dominant pattern of inheritances 
with variable penetrance and expressivity [16]. 
Early stages of ARVC are difficult to diagnose 
because of the overlapping clinical features such 
as syncope, palpitations and pre-syncope, sus-
tained ventricular tachycardia, with several other 
cardiac diseases such as myocarditis, outflow 
ventricular tachycardia of the right ventricle and 
Brugada Syndrome. However, the principal char-
acteristics of ARVC are arrhythmia and sudden 
death [17].

Right diastolic dysfunction is defined as inad-
equate relaxation of cardiac myocytes and/or 
reduced chamber compliance of the RV during 
filling or resting phase of the cardiac cycle [18]. 
Impaired right ventricular relaxation results in 
pressure buildup in the right atrium which sub-
sequently leads to the distension of the inferior 
vena cava (IVC) and reversed blood flow to the 
hepatic veins during atrial contraction [19]. The 
filling phase of the right ventricle is also impaired 
in right ventricular dysfunction and leads to 
decreased cardiac output [3].

Persistent high pulmonary arterial pressure 
(afterload) leads to hypertrophy of cardiac myo-
cytes resulting in enlargement of the right ven-
tricle and ultimately right ventricular diastolic 
dysfunction [20]. A number of conditions are 
associated with the right heart diastolic dysfunc-
tion such as cystic fibrosis (CF), long stand-
ing narrowed aortic valve, high blood pressure, 
hypertrophic cardiomyopathy (HCM), obesity 
with a body mass index (BMI) above 30 kg/m2, 
Chagas disease and pulmonary hypertension 
[18].

7.4.2.2	 �Combined Dysfunction
Alcohol (i.e. ethanol) is an established risk fac-
tor in systolic and diastolic dysfunction of the 
RV (and the LV).  Chronic alcohol abuse has 
direct toxic effects on cardiac myocytes. This 
effect result in functional changes and eventu-
ally lead to development of dilated cardiomy-
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opathy. A positive association exists between 
the quantity of alcohol intake and the risk of 
developing dysfunction [21].

Alcohol-induced right ventricular diastolic 
dysfunction is linked to the dense fibrous con-
nective tissue formed in response to toxicity and 
stiffening of myocardium resulting in impaired 
relaxation. The cardiac remodeling process is 
also impaired in alcoholism [21]. Biologically, 
heavy alcohol consumption leads to programmed 
cell death, pathological changes in the filaments 
of muscle fibrils, impairment of cellular organ-
elles, disturbances in calcium metabolism, and 
excessive collagen deposition in the cardiac 
muscle; ultimately, causing a negative inotropic 
effect on cardiac myocytes [21].

7.5	 �Clinical Presentation

The principal clinical presentations of right ven-
tricular dysfunction include dyspnea on exertion, 
fatigue, epigastric fullness, and right upper quadrant 
discomfort or pain, ankle swelling and generalized 
and peripheral edema. These clinical symptoms are 
a result blood pooling in the veins and decreased car-
diac output [1]. The signs of RV dysfunction include 
raised jugular venous pressure (JVD), accentuated 
secondary pulmonary heart sound, left parasternal 
shit, pansystolic murmur over the tricuspid area [1].

Initially, the clinical manifestations are silent 
due to physiologic mechanism of cardiovas-
cular system to maintain homeostasis and cir-
culation. As heart failure progresses, clinical 
signs become apparent and include tachycardia 
as the heart attempts to improve cardiac out-
put, bilateral lower extremity edema resulting 
from venous backflow, increased abdominal 
girth from fluid accumulation in peritoneal cav-
ity (ascites), right upper quadrant pain due to 
hepatic congestion and enlargement with hepa-
tojugular reflux [22].

“A rise in the JVP reflects an increase in right 
atrial pressure. It is a specific sign for right heart 
failure.” [1]. Kussmaul sign, which is a rise in 
JVP on inspiration also indicates RV dysfunc-
tion resulting from myocardial infarction in the 
RV and other conditions such as constrictive 

pericarditis. Kussmaul sign is a consequence of 
abnormal RV diastolic compliance and increased 
venous return to the right side of the heart [1].

7.6	 �Diagnostic Workup

RV assessment can be carried out via non-invasive 
and invasive methods. Echocardiography, 
Doppler, isotopic technology, cardiac mag-
netic resonance imaging are non-invasive tests 
whereas cardiac heart catheterization is undeni-
ably an invasive method [23].

7.6.1	 �Noninvasive Methods 
Assessing Systolic Function

7.6.1.1	 �Echocardiography
Echocardiographic measures include two meth-
ods: (1) qualitative and (2) quantitative.

	1.	 Qualitative (“Eyeball”) Method
This is the most frequently used technique to 
assess the systolic function. It is a subjective 
estimate of the RV functions and is highly 
dependent on the judgment of a skilled radi-
ologist. The study is limited by lack of sensi-
tivity and marked variability in the 
interpretation, as it is unable to differentiate 
between the degree of severity in the systolic 
dysfunction and the lack of similarity in the 
results among the interpreters [19].

	2.	 Quantitative Methods using Two Dimensional 
Echocardiographic (2DE) Parameters
	(a)	 Tricuspid Annular Plane Systolic Excursion 

(TAPSE)
During the normal cardiac cycle, the 
atrioventricular tricuspid valve moves 
outward towards the cardiac apex of the 
heart during diastole. This movement is 
calculated as the difference in the distance 
traveled by the valve at the end of the 
diastole and end of the systole [19]. 
TAPSE is dependent on the load, angle 
and left ventricular function, and can be 
measured by simple two-dimensional 
view cardiac echocardiography or apical 
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four-chamber view [19]. A normal value 
is identified by movement of more than 
16 mm [24]. Clinically, measuring TAPSE 
has a prognostic value and adequately dis-
tinguishes high-risk patients with pulmo-
nary embolism requiring immediate 
intervention [25].

TAPSE is proven to be very useful in 
monitoring pulmonary artery hyperten-
sion in both adult and pediatric patient 
populations [19]. Furthermore, TAPSE 
correlates well with the right ventricular 
ejection fraction determined by cardiac 
magnetic resonance imaging (MRI) and 
radionuclide ventriculography. TAPSE is 
considered both reliable and reproduc-
ible; therefore it is used to make an initial 
diagnosis and in follow up assessment of 
RV function [24].

	(b)	  Fractional Area Change (FAC)
		  This form of measurement can be determined 

by using the two-dimensional cardiac echo-
cardiography in apical four-chamber view. 
The value is derived from the difference in 
area of the RV at the end of diastole and the 
difference at the end of systole over the area 
during the end of diastole [19]. In order to 
accurately visualize the inner right ventricle 
chamber and the difference in area, the sono-
graphic image is enhanced to highlight the 
endocardial surface. The FAC is measured as 
a percentage and a value of more than 35% in 
adults is accepted as normal [19].

		  In comparison to TAPSE, the FAC value is 
more closely related to the right ventricular 
ejection fraction obtained by a cardiac MRI, 
especially in adults with surgical repair of 
pulmonic valve in ToF. FAC measurements 
are the method of choice in evaluating RV 
function after pericardiotomy, as it is main-
tained postoperatively. It is a prognostic 
indicator in patients affected by pulmonary 
artery hypertension and myocardial infarc-
tion [19]. Furthermore, in adults, the mea-
sured FAC values tend to be repeatedly 
similar as opposed to TAPSE [19].

7.6.1.2	 �Doppler
Doppler measures include: (1) tissue Doppler-
derived right ventricular systolic excursion 
velocity S′, (2) myocardial acceleration during 
isovolumic contraction and (3) speckle tracking 
echocardiography.

	1.	 Right Ventricular Systolic Excursion Velocity S′
This Doppler derived measurement resembles 
TAPSE, as it determines the longitudinal sys-
tolic performance of right ventricle by mea-
suring the tricuspid annulus velocity in systole 
[19]. This technique is advantageous espe-
cially for pediatric patients with right heart 
dysfunction, as it has normal reference values 
for patients in this age group. A right ventricu-
lar dysfunction with an ejection fraction less 
than 45% is correlated to the S′ velocity of 
less than 11.5  cm/s. Patient with surgically 
repaired ToF, a reduced velocity that is 
inversely proportionally to the end-diastolic 
volume is measured [19].

In addition to being a reproducible measure, 
the tricuspid annulus velocity is also easily 
measured using a pulsed Doppler. This tech-
nique is similar to TAPSE, therefore the limita-
tions such as angle and load dependency also 
applies to S′ velocity measure. Tethering is a 
unique drawback to this parameter that can give 
inaccurate velocity values due to the movement 
of the affected cardiac muscle by the pulling 
action of surrounding normal tissue [19].

	2.	 Myocardial Acceleration During Isovolumic 
Contraction (IVA)
Myocardial acceleration during isovolumic 
contraction is a measure of RV contractile 
function derived from Doppler tissue imaging 
(TDI) and measured as the ratio of myocardial 
peak velocity in systole (isovolumetric con-
traction) over the myocardial acceleration 
time [26]. An acceleration value of more than 
1.1  m/s2 in the free right ventricular wall is 
normal [19].

Isovolumic acceleration is an important 
and unique index for measuring right ventric-
ular function as it is independent of conditions 
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causing volume and/or pressure overload [9]. 
IVA is also used to evaluate the contractile 
reserve of the myocardium during cardiac 
stress test since it is dependent on the heart 
rate [19]. It is noted that certain cardiac condi-
tions including congenital heart diseases such 
as transposition of the great arteries, ToF and 
thromboembolism cause a reduction in IVA 
values [19].

	3.	 Speckle Tracking Echocardiography (STE)
		 STE uses myocardial deformation imaging to 

assess various motions of the myocardium 
including longitudinal, radial, and circumfer-
ential [9]. This Doppler or non-Doppler 
dependent study allows strain and strain rate 
measurements as the right ventricular longitu-
dinal systolic function [19].

		 Strain is the percent of alteration (deforma-
tion) in the diseased myocardium. A positive 
percentage value indicates myocardial tissue 
lengthening and thickening whereas a nega-
tive value indicates the opposite, shortening 
and thinning. The myocardial deformation 
rate in s−1 is identified as the strain rate [17].

		 STE measures both global and regional func-
tion of the myocardium since it is unaffected 
by angle or load and can be applied to diag-
nose and manage conditions such as right 
sided heart failure, pulmonary hypertension, 
arrhythmogenic right ventricular dysplasia, 
and congenital heart disease [24]. STE is also 
used to measure the function of the RV in 
alcohol-induced diastolic dysfunction during 
the early stages [21].

		 Patients with surgical repair of ToF tend to 
have reduced global longitudinal strain (GLS) 
and the strain value is reduced prior to clini-
cally apparent right heart failure. Despite the 
absence of normal reference values, STE 
reproduces similar results repeatedly [19].

7.6.1.3	 �Three Dimensional 
Echocardiography (3DE)

Three-dimensional echocardiography enables 
clear visualization of the right ventricular anat-
omy components and is used to evaluate various 

congenital heart diseases, including atrial septal 
defect (ASD), ToF and Ebstein’s anomaly, and 
right ventricular cardiomyopathy [24]. Compared 
to cardiac MRI, the 3DE is readily available and 
despite having false low values of the right ven-
tricular volume it is a more cost-effective alter-
native [19]. 3DE easily assesses the contractile 
strength of the RV by measuring the ejection 
fraction. An EF value of more than 45% indicates 
adequate systolic function of the right heart [24].

7.6.1.4	 �Right Ventricular DP/DT
RV dp/dt (rate of pressure rise in the RV) is not 
a commonly used index. It is a measurement 
obtained as the period required for the tricus-
pid regurgitation jet to accelerate between 1 and 
2  m/s interval. It correlates well with TAPSE 
despite the lack of data on RV and its dependence 
on load [24].

7.6.2	 �Noninvasive Methods 
Assessing Diastolic Function

Measuring the right ventricular diastolic func-
tion requires the use of echocardiography and 
Doppler measures to determine several distinct 
values during the various stages of cardiac rest-
ing phase [19].

	(a)	 Echocardiography (2DE)
Routine echocardiography is very useful in 
diseases like pulmonary hypertension where 
diastolic dysfunction occurs prior to systolic 
dysfunction. It is also a valuable tool in fol-
low-up assessment in congenital heart dis-
ease patients needing re-intervention 
procedures due to factors like advancing dil-
atation of the RV [19].

	(b)	 Doppler Measure
Diastolic function of the right heart is 
assessed using Doppler indices such as 
tricuspid inflow, interrogation of the lateral 
tricuspid valve annulus, hepatic veins, and 
IVC size and collapsibility [19]. Doppler 
hepatic vein flow signal showing either 
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reduced or inverted systolic waveform indi-
cates abnormality in RV diastolic function 
[18]. High pressures in the right atrium can 
occur in right ventricular diastolic dysfunc-
tion resulting in decreased or even absence of 
IVC collapsibility which can easily be seen 
via two-dimensional view cardiac echocar-
diography or apical four-chamber view. 
Reverse flow of blood to the IVC and hepatic 
veins with every contraction of the right 
atrium might be present [19].

	(c)	  Myocardial Velocities
		  The early filling phase of diastole is repre-

sented as the E wave whereas the A wave 
indicates atrial contraction during the late 
phase of diastole and both are measured by 
tissue Doppler. The early diastolic velocity 
(e′) and E deceleration time signify relax-
ation of the right ventricle [19]. By calculat-
ing the tricuspid E/A ratio, the diastolic 
dysfunction can be classified into (1) mild 
(impaired relaxation; type 1), (2) moderate 
(pseudo normal; type 2) and (3) severe 
(restrictive pattern; type 3). An E/A ratio of 
less than 0.8 is seen in mild dysfunction, 
whereas moderate dysfunction is observed 
when E/A is ranges from 0.8 to 2.1 or in the 
presence of an E/e′ of more than 6. Severe 
diastolic function is present with an E/A of 
more than 2.1 with deceleration time of less 
than 120 ms [24].

7.6.2.1	 �Cardiac Magnetic Resonance 
(CMR)

Right heart function in this non-invasive imag-
ing study is generally evaluated by measuring the 
ejection fraction of the RV, which is obtained by 
measuring the blood volume at the end of dias-
tole and at the end of systole in the short-axis 
plane [27]. This is considered the most accu-
rate radiological procedure for evaluating right 
ventricular volume. MRI flow studies provide 
information to accurately calculate the amount of 
blood pumped out to the system, the percent of 
blood that flows back to the LV through the aortic 
valve, and shunt fraction by assessing the normal 
blood flow through all the heart valves [8].

7.6.3	 �Invasive Methods 
for Assessing Systolic 
and Diastolic Function

7.6.3.1	 �Right Heart Catheterization
Right cardiac catheterization is the gold standard 
diagnostic procedure for PAH.  Although echo-
cardiography and other noninvasive screening 
methods help identify PAH, they only provide 
estimates of right ventricular pressures. Cardiac 
catheterization provides accurate values and 
combined with clinical findings, allows for better 
therapeutic management and monitoring. PAH is 
defined as a resting mean pulmonary arterial pres-
sure (MPAP) of more than or equal to 25 mmHg. 
Pulmonary artery/capillary wedge pressure 
(PAWP) and a pulmonary vascular resistance 
(PVR) are other indices that can be measured 
during right cardiac catheterization to determine 
the presence of PAH; with PAWP ≤15  mmHg 
and PVR of >3  Wood units being indicative of 
PAH. Added prognostic value is obtained during 
the procedure by determining the extent of hemo-
dynamic deterioration, and assessing the positive 
effect of treatment to better predict the outcome 
of disease [28] (Table 7.1).

Table 7.1  Values of RV systolic and diastolic  
parameters [24]

Unit Abnormal

Systolic function

TAPSE mm <17

Systolic myocardial  
velocity (S′)

cm/s <9.5

Fractional area change % <35

Pulsed Doppler RIMP – >0.43

RV dp/dt mmHg/s <400

RVEF (3DE) – <46%

Diastolic function

E/A ratio – <0.8 or 
>2.1

E′ cm/s <8

E/E′ ratio – >6

E deceleration time ms <119 or 
>242
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7.7	 �Treatment and Management

7.7.1	 �Chronic Right Heart Failure [29]

The treating modality of RV dysfunction depends 
on the underlying etiology. The intervention(s) can 
either be supportive, pharmacological or surgical.

Pulmonary Artery Hypertension (PAH)  PAH 
depending on the etiology can be managed either 
supportively or pharmacologically. Under sup-
portive treatment, patients must avoid strenuous 
exercise. If supportive treatment fails, patient is 
started on pharmacological regimens which 
include Oxygen, diuretics, digoxin, oral antico-
agulants, and inhaled nitric oxide (iNO). PAH 
due to positive vasoreactivity can be managed on 
oral calcium channel blockers (CCB) such as 
amlodipine. In connective tissue diseases, 
Immunomodulators are adequate. In primary pul-
monary hypertension, Lung transplantation is 
indicated for patients who did not respond to 
medical treatment. In cases of chronic thrombo-
embolic pulmonary hypertension (CTEPH), 
medical management include anticoagulant and 
it is surgically managed my pulmonary thrombo-
endarterectomy (PTE) [29].

The New York Heart Association developed 
a risk stratefication model to assess the cardiac 
risk of heart failure. A high risk (NYHA-IV) will 
present with syncope, walking a distance less 
than 300  m, increase Brain Natriuretic peptide 
(BNP), and right atrium pressure greater than 
20  mmHg. The management for this class is 
prostanoids such as IV epoprostenol, SQ trepro-
stinil, Inhaled iloprost, oral beraprost. A low 
risk patient (NYHA-I/II/III) can walk less than 
400  m and normal BNP.  Management includes 
phosphodiesterase-5 inhibitors (Sildenafil 
Citrate), Endothelin receptor blocker (Bosentan, 
Tezosentan). A combination therapy is indicated 
for suboptimal clinical response.

Sildenafil citrate works by  inhibiting the 
PDE-5 enzymes expressed in the right ventricle 
specifically the hypertrophied myocardium and 
smooth muscles of coronary arteries, where it 

helps promotes the systolic function of right ven-
tricle by improving the right ventricle as well as 
pulmonary arterial remodeling. When admin-
istered to patients with PAH, dobutamine tends 
to lowers the pressure in the pulmonary arteries 
by relaxing the vascular smooth muscles cells 
and improves the cardiac contractility [29]. In 
a failed treatment, Lung or heart transplanted in 
recommended.

In Congenital heart disease such as Tetralogy 
of fallot (ToF), the management requires valvular 
repair and Implantable cardioverter defibrillator 
(ICD). In atrioventricular valve disease such as 
tricuspid valve disorder, the management is valve 
repair or replacement [29].

In RV Myocardial infarction (RVMI), 
Reperfusion therapy is indicated. Early reperfu-
sion therapy is proven to be very beneficial in 
improving or maintaining the systolic function of 
RV and preventing heart block in patients who 
have endured  RV myocardial infarction. The 
use of pulmonary vascular relaxant like inhaled 
nitric oxide is limited due to ineffective gaseous 
intake by patients. Resynchronization therapy 
has a rate controlling effect suffering from right 
heart failure whereas atrial septostomy is more of 
a palliative form of therapy which can be used in 
severe right heart failure as it known to cause RV 
decompression by shunting blood from right to 
left atrium [29].

The management of Systolic right ventricular 
failure includes angiotensin converting enzyme-
inhibitors such as (Benazepril, lisinopril) or angio-
tensin receptor blocker (losartan). There are new 
drugs like Myosin activators, Na/K ATPase inhibi-
tor, vasopressin antagonist, micro RNA modula-
tors. The surgical management involves cardiac 
resynchronization therapy, RV assist device 
implantation and cardiac transplantation [29].

7.7.2	 �Heart Transplantation (HTx)

Due to insufficient supply of organs, decision 
for HTx should be guided by standard proto-
col as to only include eligible patients. HTx is 
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recommended in patients with refractory right 
heart failure unresponsive to medical therapy 
and congenital heart defects. Patients with intrac-
table pulmonary hypertension have the option to 
undergo double lung transplantation or heart-lung 
transplantation. Right ventricle failure is one of 
many complications of transplant therapy, which 
is usually an indication for RVAD or mechanical 
support [29]. Other indications for HTx include 
severe biventricular dysfunction, and continuous 
unresponsive ventricular arrhythmias [16].

7.7.3	 �Prophylactic Treatment

Prophylactic therapy is beneficial in cases with 
ARVC as it may prevent sudden cardiac death (SCD). 
As previously mentioned, implantable cardioverter 
defibrillator (ICD) is the most important method of 
preventing SCD in such patients. Radiofrequency 
ablation (RFA) or combination therapy with antiar-
rhythmic drugs; beta-blockers and amiodarone can 
be considered in those with irregular cardiac rhythm. 
Patients with history of sustained ventricular tachy-
cardia, loss of consciousness, widespread disease 
can be managed with ICD [16].

7.7.4	 �Emerging Stem Cell Therapy

The arterial changes in pulmonary hypertension 
can be reversed (partially or completely) using 
mesenchymal stem cells (MSC) or endothelial 
progenitor cells (EPC), which restores the integrity 
of affected blood vessels within the lungs, thereby 
normalizing the pressure in the pulmonary circula-
tion and decreasing the right ventricular afterload 
[20], however, more research is needed to establish 
the role of stem cell therapy for this indication.

Stem cells are primitive cells that have the 
ability to give rise to all types of bodily cells and 
form clones. Progenitor cells are undifferenti-
ated early descendants of stem cells that have 
the ability to develop into cells of single lineage. 
Endothelial progenitor cells have the intrinsic 
capacity to undergo maturation and evolve into 
fully developed endothelial cells. EPCs originate 
from the marrow of the bones and are found cir-
culating in the blood [20].

Both Mesenchymal stem cells and progenitor 
cells act specifically in the damaged areas of the 
lungs and result in neovascularization by produc-
ing various vascular growth factors like VEGF, 
Angiopoietin-1. They also form factors that sup-
press apoptosis and inflammation in the body. 
Bcl-2 protein is an inhibitor of apoptosis whereas 
interferon-γ, interleukin-10, hepatocyte growth fac-
tor have anti-inflammatory effect. MSCs are capa-
ble of escaping and avoiding recipient’s immune 
system as they’re unable to mount an immune 
response due to their low immunogenicity; there-
fore treatment with these cells is considered optimal 
for number disorders involving the lungs [20].

7.8	 �Prognosis

The ability to perform maximum physical activ-
ity is notably associated with the systolic func-
tion (ejection fraction) of right ventricle and has 
been found to be of prognostic value in patients 
with left-sided heart failure. Due to the inves-
tigative difficulties faced by researchers, the 
mortality rate linked with right ventricular dia-
stolic function has only been acknowledged by 
limited papers. One such difficulty is measuring 
the load dependant indices of right ventricular 
diastolic filling. Deranged diastolic function of 
right ventricle in those with failure of left heart 
is interrelated with higher chances of admissions 
to the hospital for complications associated with 
heart failure. Quantitative measures like tricus-
pid annular velocity in both cardiac phases and 
right ventricular myocardial performance index 
are also associated with poor prognosis in heart 
failure patients [21].

7.9	 �Recommendation

Even with limited data on right ventricular dys-
function, it is quite clear that the right ventricular 
dysfunction plays a vital role if cardiovascular 
disease. It is therefore imperative that further 
research efforts are invested towards better under-
standing of the right ventricular chamber and its 
alteration in disease process. Research studies 
must be carried out on the human myocardium to 
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better understand and appreciate the right heart 
function as well as its dysfunction.

In future, more treatment options need to 
focus primarily on the dysfunctional area rather 
than the entire heart. Gender specific research 
must be given more importance in order to accu-
rately understand the biological differences in 
the function and structure of the right ventricle, 
thereby accurately treating patients on an indi-
vidual basis [4].

�Conclusion

Like the left ventricle, the contractility of right 
ventricle is also under the control of autonomic 
nervous system and multiple other regulatory 
factors such as the Frank Starling’s law and 
heart rate [6]. Various additional factors such 
as preload, afterload, pericardial constraint, 
ventricular contractility and interdependence 
all play a major role in normal functioning and 
physiology of the right ventricle [8].

Despite the fact that right heart is often 
ignored in the cardiovascular research studies, 
the right ventricle in reality is greatly affected 
by its counterpart as evident by the ultimate 
failure of right side of the heart in those with 
left heart failure [1] and recent studies indi-
cates that it is an independent predicator of 
morbidity and mortality [5] Number of other 
conditions such as infarction of right myocar-
dium, congenital cardiac disorders and pulmo-
nary arterial hypertension can affect the right 
ventricle function [8].

Often used interchangeably, the diastolic 
dysfunction and diastolic heart failure are sep-
arate entities and must be carefully differenti-
ated from each other by extensively 
researching and studying the already available 
data [18].
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Abstract

Known as “the forgotten ventricle”, right ven-
tricle (RV) is presently not anymore regarded 
as a needless or inactive component of the 
normal circulation. In addition, the impor-
tance of right ventricular function in cardio-
vascular disease and cardiac surgery has been 
recognized from several years. RV dysfunc-
tion has been shown to be an independent sig-
nificant prognostic factor in heart failure, 
congenital heart disease, valvular disease, and 
cardiac surgery. Nowadays, significant basic 
science work proved that the RV has an essen-
tial function in the pathogenesis and prognosis 
of numerous cardiovascular diseases includ-
ing the numerous acquired and congenital car-
diac diseases. As a result, there is an increasing 
research focused on the significance of the 
individual RV function, in addition to its effect 

on global heart function through biventricular 
relationships. The aim of this chapter is to 
underline that pathologic hypertrophy and 
dilatation may represent markers of right ven-
tricle dysfunction.

Keywords

Right heart · Right heart mechanics · 
Physiopathology · Hypertrophy · Right heart 
dilatation · Right ventricle failure · Right 
atrium · Right ventricle · Preload · Overload

The same thing that makes you live can kill you in 
the end.

Neil Young

8.1	 �Introduction

Known as “the forgotten ventricle”, right ventricle 
is presently not anymore regarded as a needless 
or inactive component of the normal circulation. 
Nowadays, significant basic science work proved 
without a doubt that the right ventricle has an 
essential function in the pathogenesis and progno-
sis of numerous cardiovascular diseases including 
the numerous acquired and congenital cardiac dis-
eases. As a result, there is an increasing research 
focused on the significance of the individual right 
ventricle function, in addition to its effect on global 
heart function through biventricular relationships. 
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Moreover, the evaluation of RV function is signifi-
cant in the care of right ventricular cardiomyopa-
thies, pulmonary hypertension, subpulmonary or 
systemic right ventricle dysfunction in congenital 
heart disease, left ventricular dysfunction and car-
diac transplantation. What is more, Sheehan and 
Redington [1] consider that it is absurd to regard 
the RV abnormalities uniqueness and vice versa.

In conclusion, the described modifications in 
size, shape, and function of the right heart include 
atrial as well as ventricular hypertrophy and dila-
tation. The aim of this chapter is to emphasize the 
role of right ventricle hypertrophy and dilatation 
as markers of right heart dysfunction.

8.2	 �Righ Heart Physiopathology

Right Heart Anatomy  A comprehensive 
aknowlegeded of right heart anatomy is Chap. 2. 
However, we put emphasis on short outlines. 
Both ventricles have with early progress embryo-
logical, genetics, developmental and functional 
findings. This diferentiation starts with the pri-
mary and secondary heart fields (see Chap. 1), 
causing the separation of right ventricle (RV) and 
left ventricle (LV) cardiomyocytes during early 
development, and ends up with chamber-specific 
variations in cell signaling and Ca2+ handling, all 
suggestive of essential variation between both 
ventricles at the cellular level as well [2].

Embryological and structural anatomical dif-
ferentiation between the RV and LV are already 
described in previous chapters. However, it has to 
be underlined that same to heart embryology, there 
are different anatomical descriptions of right heart. 
Recently, D’Alto et al. [3] and Sánchez-Quintana 
et  al. [4] described right atrium (RA) as having 
three anatomical components: “the appendage, the 
venous part, and the vestibule or the active structure 
with various roles of reservoir, conduit, and booster 
pump function” [3, 4]. It is well established that RV 
has also three components: the inlet, the apex and 
the infundibulum (outlet, conus) (Fig. 8.1b) [5].

Therefore, morphologically, RV is differenti-
ated from LV by possessing coarser trabeculae, a 

moderator band, and no fibrous continuity between 
its inlet and outflow valves (Table 8.1) [1, 5–7].

Right Heart Mechanics: Short Outlines  It is 
well established that normal RV contractile func-
tion is especially dependent on that of the LV. As 
mentioned above, the RV has a different metabo-
lism and morphology in comparison with LV, 
including the helical muscle fibre arrangement 
(Fig. 8.1, Table 8.1) [7, 8].

Therefore, it is not surprising that as a result of 
these anatomical and physiological differences, 
the two chambers display different responses to 
adverse conditions. On the other hand, the complex 
geometry of RV is also determined by the interven-
tricular septum (IVS) location [5]. In fact, the IVS 
is the most important determinant of the shape of 
the RV. The IVS motion is considered to contribute 
to both LV and RV function [9, 10] and is a major 
determinant of overall RV performance [9–11].

Cardiac contraction is three dimensional [12] 
and consistent with published data longitudinal 
shortening strain, %, circumferential shortening 
strain, %, and radial thickening strain, % could 
be determined in three directions which form 
three perpendicular axes if they are placed as a 
Cartesian system in heart [13].

It seems that RV myocytes being mainly lon-
gitudinal, they produce a “peristaltic contrac-
tion from the inlet to outlet and a bellows-like 
motion of the free wall toward the septum” [1, 14]. 
Moreover, some RV myocardium is not the same 
with the LV myocardium because isolated RV 
muscle bundles have more rapidly twitch velocity 
than LV [1, 15–17]. Moreover, early studies dem-
onstrated that the force production of RV papillary 
muscle per unit mass is smaller than that of LV 
papillary muscle, even though as stated above the 
shortening velocity of isolated RV muscle bundles 
is higher in comparison with the LV [18, 19].

The dominant movements of the RV include 
longitudinal shortening with pressing of the free 
wall against the septum, contraction of the IVS, 
and a “wringing” action of the LV (Table 8.2) [20].

RV contraction is sequentially [5]. Importantly, 
the whole RV contraction is mainly longitudinally 
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Fig. 8.1  RV anatomy and physiology. (a) RV complex 
shape compared to ellipsoid LV shape. (b) Three compo-
nent parts of RV inside cavity: inlet, apical trabecular, and 
outlet. (c) RV and LV wall fibers layers. The LV middle 
layer is shown (absent in the RV). (d) RV pressure/volume 

loop. The RV has the same stroke volume compared to the 
LV but with approximately 25% of stroke work (dashed 
area under the curve). I inlet chamber, O outlet chamber. 
From Vitarelli and Terzano [5] with permission.

Table 8.1  Morphological differences between the RV 
from the LV

• � More apical position of the tricuspid valve as 
compared to the mitral valve

•  Presence of a moderator band

•  Presence of more than three papillary muscles

• � Three leaflets of the tricuspid valve with septal 
papillary attachments

• � Presence of trabeculations (trabeculations can also 
be seen in the left ventricle in case of pathological 
noncompaction of the left ventricle)

From Choudhary et al. [7]. It is an open access chapter.

Table 8.2  Right ventricular contractile functions

1. � Longitudinal/twisting motion (septal 
contraction)
–  �Interventricular septum shares fibers with 

both ventricles
–  �LV maintains 20–40% RV contractile 

function

80%

2.  Transverse motion (free wall contraction) 20%

3. � Traction of the RV free wall at the points of 
binding to the LV

From Kırali et al. [20]. It is an open access chapter.

8  Hypertrophy and Dilatation, Markers of Dysfunction
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than radially [5]. Normally, RV afterload is very 
low, and blood flow gets from the RV into the pul-
monary system circulation both during systole and 
during the early part of diastole, with the lack of 
isovolumetric relaxation [21]. Step by step, follow-
ing the description of Vitarelli and Terzano [5] and 
Leng [22], the period of the isovolumic contrac-
tion is caused by subepicardial fibers that shortens 
RV in a circumferential direction. Subsequently, 
during the period of the ejection phase caused by 
subendocardial fibers, the RV shortens longitudi-
nally [5, 22]. On the whole, the RV contraction 
begins with rapid inlet or the trabeculated myocar-
dium contraction but finishes after 25–50 ms with 
a longer contraction of the infundibulum with RV 
ejection [23]. As a result it appears this character-
istic “peristaltic” RV contraction. To sum up, Leng 
[22] and Vitarelli and Terzano [5] described RV 
contraction having three different mechanisms: 
(1) “bellows effect”—the inward movement of 
the free wall, (2) RV shortening in long axis due 
to contraction of the longitudinal fibers, and (3) 
“traction on the free wall at the points of attach-
ment secondary to LV contraction” [5, 22].

To date, Damiano et al. [24] studied the signif-
icance of systolic ventricular interdependence on 
RV function, using a single electrically isolated 
RV free wall preparation. Undeniable, this study 
showed that the LV contraction is very essential 
for RV and showed how pressure and volume 
outflow arised [24]. These results also advocate 
that the normal geometry of the RV covering LV 
in its short axis causes RV shortening, along with 
the end-diastolic transseptal pressure gradient 
that attributes RV pressure formation. Also, the 
study of Damiano et al. [24] prove the afterload 
dependency of RV contractile function [24].

Right Ventricle Physiology  Both ventricles 
pump blood into circulation. In case of RV, its 
main function is to collect systemic venous return 
and to pump it into the pulmonary system 
(Table 8.3) [25–27].

As already described, normal RV is a low-
pressure chamber with thinner walls in compari-
son with the LV (high-pressure chamber) because 
it faces a low impedance of pulmonary vascular 

circulation [1, 8]. There is a great difference 
between systemic and pulmonary circulation. 
Shortly, the RV pumps against the low-resistance 
pulmonary circulation, while the LV pumps 
against the high-resistance systemic circulation 
[28]. Also, the normal pulmonary vascular resis-
tance is about 10% from the systemic circulation 
resistance [28]. Moreover, the pulmonary circula-
tion benefits from a decreased pulmonary vascu-
lar resistance with higher widening of pulmonary 
artery [5]. If to take into account only the LV 
afterload, the LV “workload” is five times higher 
owing to the higher systemic vascular resistance, 
than the RV characterized by the low resistance 
of pulmonary circulation [8, 29].

Interestingly, the cardiac ouput or stroke 
volume of both ventricles are almost the same 
because both ventricles are connected in series 
[26], but the RV pumps blood into pulmonary 
circulation at 20% of the energy cost [28]. If it 
is of note, Vitarelli and Terzano [5] affirmed that 
RV output is realized with about 25% of stroke 
work, therefore with a reduced amount of energy 
cost. Also, they stated that this lower energy cost 
is due to the low pressure of pulmonary circula-
tion and the RV pressure-volume relationship has 
its distinctive features (Figs. 8.1d and 8.2) [1, 5]. 

Table 8.3  Comparison of RV and LV Properties [27]. It 
is an open access article.

Properties RV LV

EDV, mL/m2 75 ± 13 
(49–100)

65 ± 12 
(44–90)

Mass, g/m2 26 ± 5 
(17–34)

87 ± 12 
(64–110)

Wall thickness, mm 2–5 7–11

Ventricular pressure, 
mmHg

25/4 [(15–30)/
(1–7)]

130/8 
[(90–140)/
(5–12)]

Ventricular elastance 
mmHg/mL

1.30 ± 0.84 5.48 ± 1.23

Afterload (PVR and 
SVR) (dyne.s.cm−5)

70 (20–130) 1100 
(700–1600)

Accommodation to 
imposed load

Better in 
response to 
volume 
overload

Better in 
response to 
pressure 
overload

EDV end-diastolic volume, PVR pulmonary vascular 
resistance, SVR systemic vascular resistence
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Further, Sheehan and Redington [1] proposed that 
about 30% of the contractile energy of the RV is 
created by that of the LV [1]. In same year, Markel 
et al. [30] proposed that about 40% the RV con-
tractile force comes from LV contraction [30].

There are disagreements looking the RV mass 
in comparison with LV mass. Firstly, Dell’Italia 
[25], D’Alto et al. [3], and Kırali et al. [20] sus-
tain that the RV has a mass about one sixth from 
the LV mass [3, 20, 25]. Conversely, Haddad 
et  al. [26] sustain that mass of the RV is only 
about one third of the ventricular mass of the LV 
[26]. Importantly, both hypotheses come up with 
the idea that RV has lower oxygen consumption 
in comparison with the LV.

On the echocardiographic examination, RV 
seems smaller than the LV.  However, based on 
cardiac magnetic resonance imaging (CMRI), 
the RV volume is larger than the LV volume. 
Therefore, normal range of RV end-diastolic 
volume (RVEDV) is 49–101  mL/m2 whereas 
the normal range of LV end-diastolic volume 
(LVEDV) is 44–89 mL/m2 [23, 31, 32].

LV coronary blood is supplied primarily 
through diastole. On the other hand, the coronary 
blood flow of RV is provided during systole and 
diastole, mainly during cardiac systole [33]. As 
a result, LV coronary blood flow is not consider-
ably receptive to LV afterload modifications like 
aortic stenosis. On the other hand, LV has better 
adaptation to pressure overload states [26]. By 
definition, RV afterload is the load that the RV 
has to overcome during ejection. Currently, the 
mainly index used for RV afterload is pulmonary 
vascular resistance (PVR) [26, 34].

Of note, RV systolic elastance is smaller than 
of the LV. This feature also means that the RV is 
greatly responsive to raises in afterload [35, 36].

The normal human left (LV) and right ven-
tricular (RV) pressure–volume relationships is 
showed by Fig. 8.2 [1].

As expected, the RV is susceptible to RV 
afterload modifications such as RV outflow tract 
obstruction (pulmonary stenosis) and pulmonary 
hypertension, with raised risk for subendocardial 
ischemia followed by fibrosis [28, 33]. Also, RV 
has upper compliance than of LV and enhanced 
adjustment to overload states [26].

It must be emphasized that the heart–lung 
relationship must be taken into consideration in 
any evaluation of RV function [1]. In particular, 
the side effect of increased mean airway pressure 
on the RV function is enhanced even if the RV 
function is solely altered including pulmonary 
embolism or after cardiopulmonary bypass [1]. 
Therefore, the smallest alteration in total pulmo-
nary vascular resistance (PVR) causes dimin-
ished contractile function and altered cardiac 
output of RV [38].

In spite of embryological, anatomical and 
physiological distinctions, in case of normal 
states, the RV and LV have almost same ener-
getic profiles, including glycolytic, tricarboxylic 
acid cycle (TCA), oxidative phosphorylation 
(Ox-Phos) enzyme activities, cellular aerobic 
capacity and volume fraction of mitochondria, 
excluding the fact that the RV has with a excep-
tion a minor decrease in fatty acid binding pro-
tein (FABP) [39].

Consequently, various factors adjust PVR, as 
well as cardiac output, pulmonary volume and 
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Fig. 8.2  Schematic showing normal human left (LV) 
and right ventricular (RV) pressure–volume relationships. 
Unlike the rectangular LV loop, the RV is more trapezoi-
dal, with poorly defined isovolumic periods. Note the 
continued ejection from the RV during pressure decline 
(arrow), correlating with the hangout period described by 
Shaver et al. [37]. See text for details. From Sheehan and 
Redington [1] with permission
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pressure, hypoxia, hypercarbia, and specific 
molecular pathways—mainly the nitric oxide 
pathway (vasodilation), the prostaglandin path-
way (vasodilation), and the endothelin pathway 
(vasoconstriction) [25, 26, 40].

To sum up, RV pump function depends 
on contractility, afterload, preload, heart rate, 
rhythm, pericardial constraint, interaction with 
the LV, and valve function [26, 41, 42]. Being 
a thin-walled chamber, it is not suited to sustain 
high pressure. The RV can provide great raises in 
volume better than raises pressure [43].

Right Ventricle Pathophysiology  As mentioned 
above, the RV undergo easier volume overload bet-
ter than the LV. This can be explained mechanically, 
because RV has an enhanced muscle compliance 
that clinically is demonstrated by the finding that 
RV systolic function greatly conserved even in the 
case of chronic volume overload, i.e. due to an atrial 
septal defect (ASD) or tricuspid regurgitation [44].

On the other hand, the adult RV seems to inad-
equately support the acute raises in the afterload. 
Among others, MacNee [45] was the first who 
demonstrated this [45]. They showed by experi-
mentally studies that an acute raise in pulmonary 
artery pressure (PAP) of 20 mmHg caused a 30% 
deterioration in RV stroke volume in comparison 
with increased LV afterload that caused only a 
10% decline in stroke volume of LV. Also, they 
implied mechanisms such as the thin walls with 
reduced elastance of RV [35]. For instance, mod-
erate to severe pulmonary hypertension typically 
evoluates in RV dilation and failure. Moreover, 
even moderate raises in acute pulmonary vascular 
resistance due to acute pulmonary embolization 
can alter RV function with inability to produce 
enough systolic pressure and of a course sudden 
decrease of the RV stroke volume [46].

Of crucial importance, the RV in compari-
son with the LV undergo ischaemic injury bet-
ter because it has a “lesser oxygen demand, 
higher oxygen extraction reserve capability dur-
ing stress, dual anatomical supply from the right 
and left coronary arteries, relatively homoge-
neous transmural perfusion across the cardiac 
cycle, and increased propensity to acute collat-

eral development” [47, 48]. Contrary, Ohuchi 
et al. [49] showed in an experimental study using 
3D micro-CT in a porcine model that the RV is 
more vulnerable to ischemia when stressed [49]. 
However, these results should be more studied.

On the other hand, various patients with raised 
RV afterload are able to preserve a near normal car-
diac output for long time, whereas others undergo 
fast decline and death [50, 51]. When faced with 
a sudden increase in afterload, the normally thin-
walled RV is unable of generating a mean pul-
monary artery pressure >40 mmHg acutely [52]. 
Conversely, in case of acute pressure-overload 
conditions like significant pulmonary embolism, a 
normal RV has not the ability to produce instantly 
a mean pulmonary artery pressure >40 mmHg, as 
a result RV failure arises [46].

The pathophysiology of the pressure-loaded 
RV is shown in Fig. 8.3 [53].

8.3	 �Right Heart Hypertrophy

On the whole, cardiac hypertrophy is a powerful 
clue for the progress of heart failure, arrhythmia, 
and sudden death [54]. Of note, RV hypertrophy 
is an independent risk factor for heart failure and 
cardiovascular mortality [55].

Cardiomyocytes Hypertrophy  At cellular 
level, cardiac injury triggers the adjustement 
mechanisms like cardiac hypertrophy to preserve 
cardiac function. Importantly, cardiomyocytes 
hypertrophy is the main adaptable mechanism for 
the heart in response to chronic stress. In case of 
chronic RV increased workload, hypertrophy is 
related with enhanced interstitial fibrosis, apop-
tosis, and eventually heart failure [56]. Basically, 
cardiomyocytes remodelling comprises myocyte 
hypertrophy [57–59], myocytes number dimin-
ishing by apoptosis [57–59] or necrosis [60], 
fibroblast proliferation [61], and fibrosis [62, 63].

As already described, cardiomyocytes hyper-
trophy are caused by modifications in the hemo-
dynamic workload [64–66]. Cardiomyocytes 
reactions during hypertrophy comprise raise in cell 
size and resetting of the fetal cardiac genes [67].
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Nonetheless, cardiac hypertrophy needs 
gene regulation at multiple levels: epigenetic, 
transcriptional, post-transcriptional, and trans-
lational regulation [68]. The mainly trigger for 
cardiac hypertrophy are mechanical stress and 
neurohumoral factors [69]. Therefore, without 
a doubt, hemodynamic overload triggers cardiac 
hypertrophy partially due to the catecholamines. 
Further, various cellular reactions modify gene 
expression, protein synthesis, sarcomere assem-
bly, ion channel function, and energy metabolism 
(Fig. 8.4) [67, 69].

Inside process, hypertrophy is described by 
“myocytes enlargement, increase in myocyte 
size, enhanced protein synthesis, reorganization 
of sarcomeres, and stereotypical changes in gene 
expression” [70, 71]. Inside every cardiomyo-
cyte, the response to stress is checked by a system 
of cyclic nucleotide, mitogen-activated protein 
kinases (MAPK), Ca2+ and phosphoinositide-
dependent intracellular signaling pathways 
(Fig. 8.5) [72, 73].

Right Ventricle Hypertrophy Mechanisms: 
Outlines  Not too much is acknowledged look-
ing the original mechanisms that control the con-
version from a pressure-overloaded hypertrophic, 
normocontractile RV to the dysfunctional and 
failing RV in various pathological conditions 
[51]. However, as hypertrophy of the RV rises, 

the oxygen requirement and distribution by flow 
upsurge, produce a necessity for a elevated oxy-
gen supply [74, 75].

Same to the LV, the RV has its various adapt-
able mechanisms that control extremely RV 
function, including heart rate, the Frank-Starling 
mechanism, and the autonomic nervous system 
[25, 26]. Nahrendorf et  al. [76] observed that 
RV has a rather constant hemodynamics even 
with RV hypertrophy, signifying that pressure/
volume overload is not enough to trigger RV 
hypertrophy, and the involvement of local and 
systemic renin-angiotensin-aldosterone system 
activation is possible [76]. The initially increase 
of neurohormonal activity is to maintain adapt-
able mechanisms. As described before, same 
to cardiac remodelling, the pathophysiologi-
cal Frank-Starling mechanism is also initially 
triggered to maintain adaptable mechanisms 
[77–80].

Consequently, the augmentation of RV after-
load causes progress of the RV contraction func-
tion and its remodelling too [3]. Conversely, if 
there is no involvement to decrease RV afterload, 
coronary blood flow to the RV myocardium will 
decrease with RV ischaemia and cardiomyocytes 
apoptosis. The hypertrophied RV will gradually 
dilate, stiffen, and the RV filling and RV stroke 
volume are equally damaged [81], and RV start to 
slowly depending on right atrial (RA) function. 
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Fig. 8.3  Pathophysiology of the pressure-loaded 
RV. Conceptual representation of the progression of patho-
physiological changes in the pressure-loaded RV. Typical 
pressure–volume (PV) loops from compensation to failure. 
Volumetric changes were derived from experimental stud-
ies and extrapolated using previously published normal 
values. Straight lines represent the end- systolic elastance 
(Ees), dotted lines represent the end-diastolic elastance 
(Eed). (a) PV loop in the unloaded RV, showing normal 

systolic and diastolic function. (b) PV loop in compen-
sated RV, showing increased systolic function (Ees) and 
RV dilatation (increased end-diastolic volume) but normal 
diastolic function (Eed). (c) PV loop in transition to failure 
showing increased systolic function (Ees) and impaired 
diastolic function (Eed). (d) PV loop in RV failure showing 
increased or pseudonormalized systolic function (Ees) and 
further impaired diastolic function (Eed). From Borgdorff 
et al. [53]. It is an open access article.
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As already is acknowledged for left atrial (LA) 
function in the pressure-overloaded left heart, a 
similar adjustement increase in RA contractility 
and distensibility (reservoir function) happens 

to preserve filling of the pressure-overloaded 
stiffened RV [82, 83]. Consequently, increased 
afterload with increased RV diastolic pressure 
and distended RA signifies high RA pressure. 
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Fig. 8.4  Cellular basis of ventricular remodelling. (a) 
Structural determinants of wall thickness and chamber 
diameter. (b) Sudden increases in diastolic stress (P) 
affect the architectural integrity of myocyte bundles by 
triggering apoptotic cell death (thunderbolt; brown cells) 
which allows the redistribution of myocyte layers within 
the wall, i.e., side-to-side slippage of cells. This event 
decreases the number of myocytes across the wall result-
ing in wall thinning and cavitary dilation as shown in a 

simplified form in cross and longitudinal orientation of 
cells. (c) Anatomical and cellular changes, together with 
tissue damage and collagen accumulation, characterize 
the evolution of pressure overload hypertrophy to cardiac 
failure. (d) The pattern of sarcomere growth conditions 
increase in myocyte length and diameter. (e) New myo-
cytes can be added in series (chamber dilation), or in par-
allel (wall thickening), or both (chamber dilation and wall 
thickening). From Leri et al. [67] with permission.
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Nonetheless, RA area is a strong predictor for 
poor clinical outcome, e.g. in pulmonary arterial 
hypertension. Similarly, clinical manifestations 
and prognosis of patients diagnosed with severe 
pulmonary hypertension, some congenital heart 
diseases (CHD), and Eisenmenger syndrome, are 
considerably reliant on the RV function and its 
adjustment to a chronic raised afterload [3]. It 

has to be remembered, that the hypertensive heart 
can present RV hypertrophy with a prevalence of 
30% from a meta-analysis of subjects with sys-
temic hypertension [84, 85].

Under these circumstances, a constant pres-
sure overload in RV will end up in diminished 
cardiac output, heart failure, and deficient end-
organ perfusion [86].

Physiological stimulus Pathological stimulus

(e.g. pressure overload
(hypertension), volume
overload (valve disease))
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JNK, p38)
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Fig. 8.5  A schematic illustrating the signalling pathways 
involved in the induction of pathological and physiologi-
cal cardiac hypertrophy. RTK receptor tyrosine kinase, 
mTOR mammalian target of rapamycin, NA noradrena-
line, PLC phospholipase C, DAG diacylglycerol, IP3 
inositol 1,4,5-trisphosphate, MAPK mitogen-activated 
protein kinase, JNK c-jun amino-terminal kinase, PKC 

protein kinase C, PI3-K phosphoinositide-3 kinase, ERK 
extracellular signal-regulated kinase, AngII angiotensin 
II, ET-1 endothelin 1, GPCR G-protein-coupled receptor, 
NFAT nuclear factor of activated T cells, IGF1 insulin-
like growth factor 1, S6Ks ribosomal S6 kinases. From 
McMullen and Jennings [73] with permission.
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Intriguingly, it has been shown that an acute RV 
pressure overload there is no important modification 
in RV diastolic function, even if the RV elastance 
increased two- to three- times [87, 88]. Conversely, 
chronic RV pressure overload such as progressive 
pulmonary artery banding or exposure to chronic 
normobaric or hypobaric hypoxia, frequently pro-
duces RV diastolic dysfunction with increased dia-
stolic relaxation times and raised diastolic stiffness. 
Together these modifications take place in the hyper-
trophied RV that is still able to assure its contractile 
function and cardiac output [51].

As stated above, normal RV muscle mass is 
decreased in comparison with the LV, the RV 
being more susceptibile to afterload modifica-
tions [89]. For that reason, RV hypertrophy 
has been correlated with raised RV afterload in 
numerous human studies [90, 91]. Even if, the 
RV geometry, hypertrophy, and pressure-volume 
relationships (Figs. 8.1 and 8.2) are often inter-
connected, these studies showed a relatively 
stable RV hemodynamics regardless of RV 
hypertrophy, signifying that RV hypertrophy is 
caused mainly by a non significant pressure/vol-
ume overload, and a single hypertrophic process 
may not be a damaging process [76, 90, 92].

As RV hypertrophy evolves and it happens in 
connection with myocardial fibrosis this modifies 
“electrical coupling between cells, slows con-
duction, and dispersion of refractoriness, all of 
which predispose to arrhythmia’s, syncope, and 
sudden death” [93].

Further, the heart reacts to various cardiopatho-
logical disorders with hypertrophic growth by 
extending each myocyte to diminish ventricular 
wall tension and to enhance cardiac contractile 
function. Firstly, this cardiac hypertrophic growth 
is a frequent adaptable counteract process, but with 
time it becomes maladaptive. While, RV afterload 
rises step by step in a constant way in developed 
disease, it appears an important RV adjustment 
and patients survive when pulmonary artery pres-
sures are higher than of systemic circulation pres-
sures. At first, the RV end-diastolic volume rises 
with recovery of cardiac output by the Frank-
Starling mechanism. For the moment, this devel-
opment of adjustment to myocardial hypertrophy 
is to decrease wall tension/stress and to preserve 
the normal stroke volume. For instance, RV hyper-

trophy was observed through 96h of raised after-
load in animal studies with the mention when the 
RV is more concentric and the IVS flattens [94].

There is a switch point between adaptative 
RV hypertrophy and maladaptative RV hyper-
trophy [95]. The conversion into maladaptive 
RV hypertrophy is characterized by diminishing 
in angiogenesis, inhibition of HIF-1α in the RV, 
and diminishing in glucose uptake [96]. Further, 
maladaptive RV hypetrophy causes a “chamber-
specific dysregulation of the autonomic nervous 
system with desensitization and downregulation 
of α-, β- and dopaminergic receptors in the RV” 
[97]. Moreover, most of changes from maladap-
tive RV hypertrophy continue into the LV [97].

Types of Right Ventricle Hypertrophy  Cardiac 
hypertrophy is a complicated remodelling pro-
cess of the heart due to raised workload triggered 
by physiological or pathological factors [98, 99]. 
There are two types of hypertrophy “physiologi-
cal or adaptive” hypertrophy and “pathological 
or maladaptive” hypertrophy (Table 8.4) [56, 73].

Even if both pathological and physiological car-
diac hypertrophyies are correlated with the devel-
opment of muscle heart, pathological hypertrophy 
is related with an intricate display of procedures, 
mainly “upregulation of fetal genes, histopathol-
ogy and cardiac dysfunction”. The inverse, physi-
ological hypertrophy is correlated with normal 
cardiac structure and normal or increased cardiac 
function. In conclusion, it is obviously that patho-
logical and physiological hypertrophyies occur by 
different signalling molecules [73].

With respect to previous science work, William 
Osler that wrote the textbook The Principles and 
Practice of Medicine in 1892, was the first who 
explained that hypertrophy is adaptative and mal-
adaptative [100]. In fact, he related that human 
heart responds to overload states by three stages 
that are described with his words:

	1.	 development of hypertrophy depending on the 
nature of the underlying abnormality.

	2.	 “full compensation,” in which hypertrophy 
allows the heart to meet the increased 
hemodynamic demand. This concept is now 
called adaptive hypertrophy.
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	3.	 “broken compensation,” which can result in 
pulmonary edema but more commonly 
evolves slowly as the result of “degeneration 
and weakening of the heart muscle.” This con-
cept is now called maladaptive hypertrophy.

Physiological hypertrophy characterizes the 
normal growth of the heart from birth to early 
adulthood, the growth of maternal heart during 
pregnancy, and the growth of athletes’ heart as a 
result of physical exercise [101]. It is an adaptive 
mechanism to normalize ventricular wall stress 
in response to injury [98]. As expected, physi-

ological hypertrophy is described by the increase 
of the heart and cardiomyocytes size without 
cell division, with a better cardiac function with 
no fibrosis [72]. Notably, during physiologi-
cal hypertrophy, there is a cardiac structure and 
function conservation correlated with initiation 
of myocardial angiogenesis but with no initiation 
of fibrosis [66].

Pathological hypertrophy signifies cardiac 
hypertrophy from cardiovascular disorders such 
as neurohumoral stresses (too much release 
of hormones and cytokines), various forms of 
hemodynamic stress (myocardial infarction, 
hypertension, ischemia) associated with coronary 
heart disease, valvulopathies, cardiomyopathy or 
dysfunctions or inherited mutations of genes cod-
ing for contractile proteins [54]. By definition, it 
is characterized by abnormal metabolic, struc-
tural and functional findings including fibrosis, 
cell death and failing function [99]. On long time 
cardiac hypertrophy can cause diastolic dysfunc-
tion, chamber dilatation, and interstitial fibrosis, 
congestive heart failure, arrhythmia, and sudden 
death [98, 102].

8.3.1	 �Concentric and Eccentric 
Hypertrophy

On the other hand, Göktepe et al. [103] define car-
diac hypertrophy or growth as being connected 
with a broad various pathologies, classified as 
concentric and eccentric hypertrophy (Fig.  8.6) 
[54, 103].

Concentric hypertrophy is correlated with 
wide ventricular walls, impaired filling and dia-
stolic heart failure [104]. Currently, concentric 
hypertrophy is usually assumed to be determined 
by pressure overload [105].

Eccentric hypertrophy is connected with 
dilation of the ventricles, decreased pump func-
tion and systolic heart failure [104]. Normally, 
eccentric hypertrophy is caused by volume over-
load [105].

Both types of hypertrophy can involve the left 
and/or right side of the heart [106]. Nonethelesss, 
in case of RV hypertrophy, it is an adaptable 
response to reduce wall stress (Laplace’s Law) 
and to enhance contractility [54].

Table 8.4  Characteristics of pathological and physiolog-
ical cardiac hypertrophy

Pathological cardiac 
hypertrophy

Physiological 
cardiac 
hypertrophy

Stimuli Pressure load in a 
disease setting (e.g. 
hypertension, aortic 
coarction) or volume 
load (e.g. valvular 
disease)

Regular 
physical 
activity or 
chronic exercise 
training

Volume load 
(e.g. running, 
walking, 
swimming)

Cardiomyopathy 
(familial, viral, toxic, 
metabolic)

Pressure load 
(e.g. strength 
training: 
weight lifting)

Cardiac 
morphology

Increased myocyte 
volume

Increased 
myocyte 
volume

Formation of new 
sarcomeres

Formation of 
new 
sarcomeres

Interstitial fibrosis

Myocyte necrosis 
and apoptosis

Fetal gene 
expression

Usually upregulateda Relatively 
normala

Cardiac 
function

Depressed over time Normal or 
enhanced

Completely 
reversible

Not usually Usually

Association 
with heart 
failure and 
increased 
mortality

Yes No

From McMullen and Jennings [73] with permission.
aBiological significance not clear
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Figures 8.7 and 8.8 are scanning electron 
microscopy of human myocardial samples that 
supports that concentric hypertrophy causes 
increase in the number of cardiomyocytes 
branches while eccentric hypertrophy causes 
their diminishing [107].

8.4	 �Right Heart Dilatation

The dictum ‘left heart failure begets right heart 
failure’ is well known to most clinicians and 
involves ventricular interdependence [108]. 
Obviously, the failure of one ventricle will cause 

Right ventricle Left ventricle

Cardiomyocyte

Normal

Physiologic
hypertrophy

Concentric
hypertrophy

Eccentric
hypertrophy
(+/– failure)

Heart

Fig. 8.6  Stimulus-specific hypertrophic responses of the 
heart and how they affect wall stress (c), which, at equal 
pressures, is proportional to the ratio of internal ventricu-
lar radius at end diastole (r) and ventricular wall thickness 

(h). From Dorn (2007) with permission (Dorn GW 2nd. 
The fuzzy logic of physiological cardiac hypertrophy. 
Hypertension. 2007 May;49(5):962–70. doi: 10.1161/
HYPERTENSIONAHA.106.079426)
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in time the failure of the other [108]. A frequent 
adaptative reaction of the overloaded heart is 
switching of cardiac hypertrophy to dilatation 
[109, 110]. Further, heart dilatation will try to 
maintain its normal cardiac output by increas-
ing the number of cardiac muscle bundles with 
parallel diminishing of wall stress and enhancing 
of the wall thickness of the myocardium [111]. 
On the whole, the right-sided overload condi-
tions produces cardiac remodeling with the right 
ventricular growth and right heart failure char-

acterized by sluggish venous blood flow return, 
altered pulmonary flow and as a result with insuf-
ficient LV preload.

As largely mentioned, the RV has no ability 
to carry on fast and great raises in PAP pressure. 
On the other hand, it has same capacity as the 
LV to preserve ventriculo-arterial coupling by 
adjustement of its systolic function. Therefore, in 
acute raises of PAP pressure (some minutes), the 
RV adjust its systolic function by Anrep’s law of 
the heart (homeometric functional modification). 
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Fig. 8.7  Scanning electron micrograph (top) and a draw-
ing (bottom) of the myocardial fibers of a heart with 
concentric hypertrophy. The cardiocyte Ci connects 

with seven cardiocytes in all, and the cardiocyte Cj con-
nects with six in all. From Yamamoto et  al. [107] with 
permission.
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Conversely, in chronic raises of PAP pressure, 
the RV applies Starling’s law of the heart (hetero-
metric or dimensional modification) to maintain 
flow output. Failure of systolic function adjust-
ment in both above situations results in insuffi-
cient cardiac output, systemic hypotension and 
cardiogenic shock. Characteristically, during the 
initial RV adjustment to raised systolic function 
appears dyssynchrony (inhomogeneous regional 
contraction). While, the RV dilates significantly 
with IVS shift arises asynchrony (late RV sys-

tole) when the RV is still pumping and the LV is 
already filling. At this moment, in fact the sys-
tolic ventricular interactions are altered and the 
LV turns into low supplied chamber with second-
ary hypotension. Ultimately, the RV dilatation 
evoluates further in systemic congestion.

Step by step in a RV pressure overloaded often 
secondary to LV pressure overloaded there is ini-
tially myocardial hypertrophy. This process is 
not enough to normalize wall stress and RV dys-
function as dilatation develops [94]. Further, RV 
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Fig. 8.8  Scanning electron micrograph (top) and a drawing (bottom) of the myocardial fibers of a heart with eccentric 
hypertrophy. The cardiocyte Ci connects with five cardiocytes in all. From Yamamoto et al. [107] with permission.
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develops gradually increasing of filling pressures 
with diminishing of contraction function, rising 
RV sphericity, enlargement of tricuspid annulus 
with functional tricuspid regurgitation [86, 112, 
113]. Consequently, there is a progressively vol-
ume overload of the RV that is functionally better 
endured. However, this vicious cycle continues 
with RV cavity dilation, ventricular wall stress 
rising, RV contraction function alteration, and 
diminishing of RV cardiac output.

Conversely, as RV dilates, the ventricular 
interdependence is gradually evident. As a result, 
these modifications cause the diminishing of LV 
distensibility, decreasing of LV end-diastolic vol-
ume, decreasing of LV preload with diminishing 
LV cardiac output [114]. Nonetheless, the LV 
elastance may be reduced by the mechanisms of 
ventricular interdependence [115]. As previously 
mentioned, RV dilatation and/or pressure over-
load determine a leftward shift of the IVS with 
modified LV geometry mainly associated with 
the pericardium constraint (Fig. 8.9) [55].

Another issue is the role of global ischemia 
even if the RV tolerates better ischemia in com-
parison with the LV [25]. What’s more, in vol-
ume overloaded conditions states, there is a 

dilated and rotated clockwise RV from apex posi-
tion. The normal crescentic form of RV becomes 
step by step a cylindrical form, and the IVS is 
shifted into the LV cavity for the most part of 
end-diastole [116]. In this case, LV cavity gets a 
D-shape configuration and the eccentry index is 
over 1 [117].

The alteration of myocardium in RV causes 
activation of multiple mechanisms such as adren-
ergic activation that hyperphosphorylates the 
sarcoplasmic reticulum and boosts circulating free 
fatty acids. The presence of circulating free fatty 
acids inhibit mitochondrial function at the level 
of acyl carnitine transferase, and further inhibits 
fatty acid oxidation and synthesis of ATP. Also, 
circulating free fatty acids inhibit pyruvate dehy-
drogenase with enhancing of anaerobic glycolysis 
instead of oxidative metabolism [119, 120].

It is fair to note, that right ventricular func-
tion is the most significant independent predic-
tor of survival [121–125]. Moreover, the RV 
dysfunction does not correlate with the peak of 
PAP and/or RV pressure does not correlate with 
the RV dysfunction. In keeping with this finding 
RV dysfunction is better tolerated in pulmonary 
stenosis. But RV dysfunction is poor tolerated in 

Normal Heart Right Ventricular Volume Overload

Flattened septum

Increased
Pericardial Constraint

Compressed
D-shape LV

Dilated RVRV LVLV

Fig. 8.9  Ventricular interdependence in RV failure. 
Dilatation of the RV shifts the interventricular septum 
toward the left, changing LV geometry. Acute RV disten-
sion also may lead to an increase in pericardial constraint 

(arrows). These changes may contribute to low cardiac 
output state by decreasing LV distensibility, preload, and 
ventricular elastance. From Haddad et  al. [55]. It is an 
open access article.
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pulmonary vascular hypertension and inflamma-
tory lung disease even if PAPs have same value.

8.4.1	 �Etiologies of Right Ventricle 
Dilatation: Short Overview

Without a doubt, RV dilatation is the most fre-
quent cause of tricuspid regurgitation [126]. 
Causes of primary tricuspid regurgitation include 
rheumatic heart disease; infective endocarditis; 
congenital disorders such as Ebstein anomaly; 
tricuspid valve prolapse; papillary muscle dys-
function caused by ischemia, trauma, connective 
tissue disorders such as Marfan syndrome; carci-
noid heart syndrome; pacemaker leads; radiation 
therapy; and specific drug-based treatments [126]. 
Nonetheless, moderate to severe acquired pulmo-
nary hypertension in the adult causes frequently 
RV dilatation and failure [86]. Most patients 
with idiopathic pulmonary arterial hypertension 
develop gradually RV dilatation with RV dysfunc-
tion. According to clinical studies, though some 
patients with pulmonary hypertension acquire RV 
failure faster in comparison with others even if the 
pulmonary pressures have same value. Voelkel 
et  al. [127] suggest that modified gene expres-
sion and neurohormonal activation are partially 
responsible for this variation [127].

Intringuily, anterior myocardial infarction (MI) 
is a common cause of RV dilatation. The study 
of Hirose and colleagues showed after a 5-year 
follow-up period of patients with anterior MI that 
RV volumes upsurge is parallel with LV volumes 
increase (Figs. 8.10 and 8.11) [128, 129].

In a subsequent study, Beygui et  al. [130] 
showed in patients with inferior wall MI in the 
absence of RV infarction evaluated by magnetic 
resonance imaging the existence of RV modi-
fications with biventricular remodeling [130]. 
Same study also showed that the premature RV 
dilatation has positive outcomes for LV remod-
eling, most probably as a result of pericardium 
constraint determined by RV with stopping of 
LV dilation after MI [130]. Nonetheless, after 
an acute myocardial infarction of RV, RV has 
a significant capacity to recuperate its systolic 
function at rest and during exercise, showing its 
resistance to irreversible ischemic injury [115].

According to current evidence, RV dilation is 
a finding after heart transplant. Bhatia and col-
leagues observed in patients with orthotopic car-
diac transplantation a gradually dilation of RV 
end-diastolic sizes at 1 day and 1 month after sur-
gery compared with control group. In the 1-year 
after surgery, the RV cavity dimensions dimin-
ished in comparison with those from 1 day but 
still higher compared to control subjects [131]. 
Same study showed in group with orthotopic 
cardiac transplantation that increasing of RV 
dimensions were correlated with tricuspid regur-
gitation in 67% patients at 1-day, and in 36% at 
1-year follow-up [131].

Most common congenital causes of right heart 
dilatation in adults are pretricuspid left-to-right 
shunts (secundum ASD—see Fig. 8.12, partially 
anomalous pulmonary venous connection), post-
tricuspid left-to-right shunts, tricuspid valve 

a

b

Fig. 8.10  Left ventricular and biventricular enlarge-
ment. (a) A case of recent posterior wall acute myocardial 
infarction (day 17) complicated by mild left ventricular 
dilatation. (b) A case of severe biventricular remodelling 
following anterior wall acute myocardial infarction (day 
15). From Bussani et al. [128] with permission.
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Right ventricle

Left ventricle

Infarct
area

Uncomplicated
AMI

Left ventricular
dilatation

Biventricular
enlargement

Fig. 8.11  Progressive post-infarction cardiac remodel-
ling. Cardiac remodelling after acute myocardial infarc-
tion (AMI) involving the left ventricle may determine 
progressive left ventricular dilatation and subsequent right 

ventricular enlargement. Biventricular remodelling identi-
fies a group of patients with an extremely unfavourable 
prognosis. From Bussani et al. [128] with permission.

a b

c d

Fig. 8.12  Parasternal short-axis views at the mid-
ventricular level. (a, b) Patient with atrial septal defect 
type ostium secundum, consequent right ventricular vol-
ume overload, and mildly elevated pulmonary artery pres-
sures—flattening of the interventricular septum at end 
diastole (a) and recovering of shape at end systole (arrow) 

(b). (c, d). Patient with severe pulmonary arterial hyper-
tension and consequent severe right ventricular pressure 
overload—flattening of the interventricular septum both 
at end diastole (c) and end systole (arrow) (d). From 
Jurcut et al. [118] with permission.

8  Hypertrophy and Dilatation, Markers of Dysfunction



196

regurgitation (Ebstein’s anomaly), myocardium, 
and pulmonary valve regurgitation (postsurgical 
repair of right ventricular outflow tract obstruc-
tion as tetralogy of Fallot—see Fig. 8.13) [132]. 
In fact, Cook et al. [132] split left-to right shunts 
into pretricuspid and posttricuspid shunts. The 
pretricuspid shunts dilate the right heart, while 
the posttricuspid shunts dilate the left heart. Also, 
the structural abnormalies of the right-sided 
valves and the myocardium are correlated with 
right heart chambers dilation [132].

It has to be mentioned that in case of patients 
with congenital pulmonary stenosis, the RV has 
initially a higher hypertrophy with earlier elliptic 
form but dilation arises later in this disease in the 
absence of a severe stenosis [23].

In addition, patients with successful atrial sep-
tal defect repair may frequent present residual 
RV dilatation and paradoxical ventricular septal 
motion. According to the study of Pearlman et al. 
[133] even the mean RV dimensions diminished 
after surgery and only 23% patients were within 
normal values of RV dimensions [133].

�Conclusions

In 2006, the National Heart, Lung, and Blood 
Institute recognized RV physiology as a main 

concern in cardiovascular research [127]. 
Obviously, the significance of RV function in 
the biventricular circulation and the pathogen-
esis and prognosis of numerous cardiovascular 
diseases it is increasing. However, the last two 
decades enhanced knowledge about the physi-
ologic importance of the RV triggering opening 
for better therapeutic interventions [1]. In con-
clusion, “right and left heart are interdependent 
and work in synergy, but they are also indepen-
dent as they are genetically, embriologically, 
and pathopysiologically different” [5].
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Abstract

The physiopathology of the right heart failure 
is tightly linked to the particular features of 
the right ventricle (RV). Its small dimension 
along with the specific geometry ensures the 
compliance of the RV which is able to accom-
modate extreme variations in venous return. 
Myocardial dysfunction, pressure overload, 
volume overload, and preload reduction are 
the main mechanisms of right heart failure. 
Due to its particular pattern of contraction, the 
RV better adapts to volume overload than to 
pressure overload. There are several aspects 
underlying the relative resistance of the RV to 
ischemia: its lower oxygen demand, dual cor-
onary supply, and perfusion during both sys-
tole and diastole. Another key role in the 
pathophysiology of RV dysfunction is the 
ventricular interdependence. In case of acute 
pressure or volume overload, the RV dilates 
shifting the interventricular septum to the left, 
which along with the increased pericardial 
constraint determines low cardiac output. As 

the filling pressures rise, the auto aggravation 
of the low cardiac output state becomes an 
irreversible vicious cycle.

Keywords

Ventricular interdependence · Pressure over-
load · Volume overload

9.1	 �Introduction

The right heart failure is of extreme importance 
as it involves a high mortality burden. The 
involvement of the right ventricle (RV) in inferior 
myocardial infarction, for example, confers an 
eightfold increase in mortality [1], while RV dys-
function in acute pulmonary embolism is a pre-
dictor of mortality independent of systemic 
hemodynamics [2]. Moreover, acute RV failure 
worsens mortality rates more than acutely decom-
pensated left heart failure [3], with an in-hospital 
mortality rates reaching 5–17% [4].

Right ventricular failure may be defined as 
the inability of the RV of the heart to provide 
adequate blood flow through the pulmonary 
circulation at a normal central venous pressure 
[5]. Right ventricular failure is a complex clini-
cal syndrome that can result from any struc-
tural or functional cardiovascular disorder that 
impairs the ability of the RV to fill or to eject 
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blood [6]. Clinical right heart failure is iden-
tified by signs and symptoms of venous con-
gestion due to elevated central venous pressure 
along with evidence of right ventricular con-
tractile dysfunction and right ventricular pres-
sure overload [7] while RV dysfunction refers 
to abnormalities of filling or contraction with-
out reference to signs or symptoms of heart 
failure [6].

9.2	 �Causes of Right Ventricular 
Failure

Right heart failure can be associated with a wide 
variety of clinical settings ranging from pulmo-
nary pathologies such as respiratory failure [8], 
primary pulmonary hypertension [9] or chronic 
obstructive pulmonary disease [10] to acute or 
chronic cardiac diseases such as pulmonary embo-
lism [11], idiopathic dilated cardiomyopathy [12] 
or coronary ischemia [13].

Pulmonary embolism determining acute right 
heart failure or pulmonary hypertension compli-
cating severe long-standing pulmonary obstruc-
tive diseases are among the most frequent causes 
of right ventricular failure. Sepsis can directly 
induce dysfunction of the right ventricle [14]. 
Severe tricuspid regurgitation causes or aggra-
vates symptoms and signs of right heart failure. 
Left-heart failure due to dilated cardiomyopathy 
leads to right-heart failure that aggravates its 
prognosis [15]. A variety of congenital heart 
defects are associated with RV failure, usually 
from increased afterload, volume overload or 
both. In the settings of a right ventricle acute 
myocardial infarction the coronary occlusion 
produces right ventricular failure through a direct 
mechanism—ischemia [13], whereas in acute 
ventricular septal defect or acutely decompen-
sated left heart failure ischemia becomes an indi-
rect mechanism.

In all these pathologies that may be encoun-
tered in critical care units right ventricular failure 
can be a disease by itself with different degrees of 
severity or a major complicating factor of another 
underlying disease.

9.3	 �Particular Features 
of the Right Ventricle 
Significant to the 
Physiopathology 
of the Right Heart Failure

The physiopathology of the RV is tightly linked 
to the particular features of this chamber.

The RV performs 1/4 of the stroke work of the 
left ventricle (LV) as the pulmonary vascular resis-
tance is one-tenth of the systemic vascular resis-
tance [16]. Due to the low pressure the pulmonary 
valve opens early in systole once RV pressure 
reaches the (relatively low) pulmonary artery (PA) 
pressure. Little time is spent in isovolumic con-
traction, giving a triangular-shaped pressure–vol-
ume loop, in contrast to the almost square loop of 
the LV. Therefore, the RV performs primarily vol-
ume rather than pressure work. Because of the low 
resistance presented by the pulmonary circulation, 
the RV continues to eject through the early phase 
of systole. As such, there is no isovolumic relax-
ation phase on the right side. Impedance of the 
pulmonary vascular bed represents the afterload of 
the RV and remains low as long as the vascular bed 
can be recruited. In the average person, the systolic 
pressure of the RV reaches 25 mmHg compared to 
120 mmHg which is the systolic pressure of the 
LV [17]. This particularity has a very important 
physiopathological consequence: the RV is per-
fused in both systole and diastole as the aortic sys-
tolic pressure (and consequently the systolic 
pressure of the right coronary artery) exceeds the 
RV tissue pressure.

The mass of the RV is about 1/6 of the LV [16] 
resulting in a lower oxygen consumption [18]. 
The right ventricular free wall blood supply is 
predominantly from the right coronary artery and 
receives about equal flow during systole and 
diastole.

The RV has a thin wall which rarely exceeds 
2–3 mm at end-diastole compared with 8–11 mm 
in the case of LV [5]. This small dimension along 
with the specific geometry ensures the compli-
ance of the RV which is able to accommodate 
extreme variations in venous return resulting from 
changes in volume status, position, and respiration 
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with little change in pressure [5]. The preload of 
the RV is determined by venous return and the 
distensibility of the right ventricular wall. As with 
the LV, the Frank-Starling mechanism is obeyed, 
however the RV requires lower filling pressures to 
create the same ventricular output due to pulmo-
nary vascular resistance being considerably lower 
than systemic vascular resistance. The RV com-
pensates for changes in preload through stretch-
ing of the muscle wall (compliance) without loss 
of contractility (i.e. large increase in end-diastolic 
volume without increase in end-diastolic pres-
sures). The same hemodynamic mechanisms 
apply to the RV as for the LV: as the right heart 
fails, a higher filling pressure is required to main-
tain right heart output.

The contraction pattern is another important 
feature that influences RV adaptive capacity. The 
RV contraction is enabled by three main mecha-
nisms: the bellows-like inward movement of the 
free wall, the contraction of the longitudinal 
fibres drawing the tricuspid annulus toward the 
apex and the traction on the free wall as a result 
of left ventricular contraction [19]. This pattern 
of contraction is optimized for moving large and 
varying volumes of blood but is poorly adapted to 
generating high pressure [5]. As a result, the RV 
better adapts to volume overload than to pressure 
overload.

Another important aspect with a key role in 
the pathophysiology of RV dysfunction is the 
ventricular interdependence. It refers to the con-
cept that the size, shape, and compliance of one 
ventricle may affect the size, shape, and pressure-
volume relationship of the other ventricle through 
direct mechanical interactions [20]. Consequently, 
LV contraction may contribute to approximately 
20–40% of RV systolic pressure and volume out-
flow [20]. The interdependence of the two ven-
tricles results from their shared interventricular 
septum and the surrounding pericardium [16]. 
The septum mainly mediates the systolic ventric-
ular interdependence while the pericardium is 
involved in the diastolic ventricular interdepen-
dence [18]. In case of acute volume or pressure 
overload, the RV dilatation shifts the interven-
tricular septum toward the left, changing the LV 

geometry and increasing pericardial constraint 
that results in low cardiac output state due to 
decreased LV distensibility, preload and ventric-
ular elastance [18, 21]. The pericardium plays a 
major role in modulating the interaction between 
the RV and the LV and in limiting RV dilatation 
during volume or pressure overload [5].

9.4	 �Molecular Mechanisms 
Involved in Right Ventricle 
Failure

There are several mechanisms involved in the 
physiopathology of RV failure [6]. Excessive 
sympathetic adrenergic stimulation may impair 
ventricular remodelling and decrease survival in 
patients with RV failure [22]. Moreover, elevated 
catecholamine levels are associated with higher 
pulmonary vascular resistance and lower cardiac 
index in patients with pulmonary hypertension 
(PHTN) [23] and higher New  York Heart 
Association class in patients with congenital 
heart disease [22]. The renin-angiotensin-
aldosterone system seems to be involved in the 
fluid retention and ventricular remodelling in 
patients with cor pulmonale [24]. Endothelin sys-
tem activation also plays a role in the pathology 
of pulmonary vascular disease and right heart 
failure as elevated endothelin-1 levels are associ-
ated with decreased exercise capacity and more 
severe ventricular dysfunction [6]. Modulation of 
the endothelin system with endothelin receptor 
antagonists in PHTN may lead to an improve-
ment in exercise capacity, a decrease in pulmo-
nary vascular resistance, and better ventricular 
remodelling in patients with PHTN [22, 25]. 
High levels of B-type natriuretic peptide and acti-
vation of cytokines are associated with increased 
risk of mortality in patients with idiopathic PHTN 
[26] and more symptomatic disease in patients 
with RV failure [27].

Recent research on RV adaptation and failure 
secondary to PHTN has provided insight into the 
cellular and molecular changes in the afterload-
stressed RV.  It should be mentioned from the 
beginning that the RV adaptation to pressure and 
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volume overload due to congenital heart disease 
(associated with hypoxia and hypoxemia) is dif-
ferent from the response of the RV to PHTN 
[28], where local and systemic inflammation 
is involved due to primary pulmonary vascular 
pathology [29].

Although the two ventricles develop similar 
alterations in genes regulating extracellular matrix 
and cytoskeletal remodelling in response to pres-
sure overload stress, there are several discrepancies 
concerning genes regulating energy production, 
mitochondrial function, reactive oxygen species 
production and antioxidant protection, and angio-
genesis [30, 31]. In response to increased afterload, 
the RV reverts to a fetal gene pattern, re-expressing 
genes normally expressed in the fetal but not post-
natal RV. This includes a shift from α- to β-myosin 
heavy chain expression and an increase in adrener-
gic receptors, calcineurin activation [32–34], and 
phosphodiesterase type-5 expression [35].

In right ventricular failure due to PHTN, as the 
RV hypertrophy develops, a metabolic shift from 
mitochondrial oxidative phosphorylation to cyto-
plasmic glycolysis has been described [36]. This 
increase in glycolysis is accompanied by a 
decrease in fatty acid oxidation, because there is 
less oxygen consumed per adenosine-triphosphate 
(ATP) generated than with fatty acid metabolism. 
Although this shift is beneficial during acute 
stress, chronic dependence on glycolysis for 
energy production cannot meet the needs of the 
myocardium to maintain a normal function [28]. 
In PHTN, the accompanying increase in RV after-
load induces ischemia, due at least in part to com-
promised right coronary artery blood flow [37].

In an ischemic myocardium associated with 
hypertrophy, mitochondria-dependent apoptosis is 
suppressed and there is a decrease in the produc-
tion of mitochondria-derived reactive oxygen spe-
cies (mROS) [38]. While the RV remains in a 
compensated state, there is an increase in Hypoxia-
Inducible Factor 1α (HIF1α), which might pro-
mote angiogenesis to satisfy the oxygen demands 
of the hypertrophied RV. When the RV decompen-
sates, there is an increase in mROS and a decrease 
in HIF1α, followed by decreased angiogenesis, 
exacerbation of ischemia, and finally RV failure 
[39].

9.5	 �Physiopathology of Right 
Ventricular Failure

The normal function of RV is dependent on the 
preload, afterload, contractility, pericardial con-
straint, interaction with the LV, and cardiac 
rhythm [4]. In case of alteration of any of these 
parameters, compensatory mechanisms are 
triggered.

From a pathophysiologic point of view RV fail-
ure may be due to: (1) myocardial dysfunction (RV 
myocardial infarction, cardiomyopathies, arryth-
mogenic RV dysplasia, sepsis), (2) pressure over-
load (in cases of LV failure—the most common 
entity, pulmonary embolism—acute or chronic, 
pulmonary hypertension of different etiologies, 
obstructive congenital heart diseases), (3) volume 
overload (tricuspid regurgitation, pulmonary regur-
gitation, atrial/ventricular septal defect), and (4) 
preload reduction (pericardial diseases) [16].

RV adaptation to disease is complex and 
depends on many factors such as: the type and 
severity of myocardial injury or stress, the time 
course of the disease (acute or chronic), and the 
time of onset of the disease process (newborn, 
pediatric, or adult years) [6].

9.5.1	 �The Consequences of RV 
Pressure Afterload

In case of RV pressure overload, the opening of 
the pulmonary valve in systole is delayed. Thus, 
isovolumic contraction time is prolonged and the 
pressure–volume curve assumes a shape similar 
to that of the LV. Isovolumic contraction implies 
pressure work with greater oxygen consumption 
than volume work. The next consequence is that 
the relatively compliant RV dilates to maintain 
stroke volume (Frank–Starling mechanism). 
However, this causes an increase in myocardial 
wall stress because of the thin walls of the RV 
(law of Laplace). Myocardial wall stress is a 
major determinant of oxygen demand. An 
increased right ventricular end-diastolic pressure 
causes right coronary perfusion to assume a pro-
file similar to that of the left coronary system 
(flow predominantly or solely in diastole). These 

C. Arsenescu-Georgescu et al.



207

factors result in decreased oxygen supply at a 
time of greatly increased demand [40].

Dilatation of the RV chamber leads to dilatation 
of the tricuspid annulus causing tricuspid regur-
gitation, further exacerbating dilatation. Over 
time, hypertrophy occurs as a natural response 
to increased wall stress. As the RV expands, the 
crescentic shape of the RV cavity is lost. In addi-
tion, the interventricular septum bulges into the 
LV cavity. This occurs because the pericardium 
necessarily limits the space available for cardiac 
expansion, and thus an increase in RV volume 
must be accommodated by a decrease in LV vol-
ume (Fig. 9.1). Septal shift impairs filling of the 
LV and therefore impairs LV function due to ven-
tricular interdependence. As the LV fails, systemic 
perfusion pressure and right coronary perfusion 
pressures decrease, further compromising the RV 
[40]. Once all mechanisms of contractile reserve 
are exhausted, systemic pressure begins to fall, 
followed by a potentially irreversible decrease in 
RV contractile function.

The RV is exposed to pressure overload in pul-
monary valve stenosis and pulmonary hyperten-
sion of different etiologies. Initially, the 
myocardium responds by hypertrophy, followed 
by progressive contractile dysfunction [41]. 
Dilatation of the RV allows compensatory preload 
and maintains stroke volume despite reduced 
fractional shortening during the compensated 

state of the RV failure. As the process continues, 
the filling pressures rise, diastolic dysfunction 
becomes evident, and the cardiac output decreases. 
Functional tricuspid regurgitation due to annular 
dilatation appears, and the clinical signs of con-
gestion progress.

Even small changes in total pulmonary vascu-
lar resistance, as demonstrated by modest 
increases in mean airway pressure during posi-
tive pressure ventilation, reduce RV contractility 
and diminish cardiac output even with normal RV 
preload [39]. In animal models, even modest 
increases in afterload lead to major decreases in 
RV stroke volume [42].

The idea that the enlargement of the LV influ-
ences the function of the RV was first advanced 
in 1910 [43]. In 2006, Voelkel et al. [41] defined 
several mechanisms of right ventricular dysfunc-
tion associated with left ventricular dysfunction: 
(1) in case of left ventricular dysfunction the 
afterload increases by increasing pulmonary 
venous pressure; (2) several types of cardiomy-
opathies may affect both ventricles; (3) myocar-
dial ischemia might also involve both ventricles; 
(4) left ventricular impairment may contribute to 
decreased pressure of right ventricular coronary 
perfusion; (5) septal dysfunction may enhance 
the ventricular interdependence and (6) left ven-
tricular dilatation in a limited pericardial com-
partment may restrict right ventricular diastolic 
function.

Santamore et al. [44] studied the importance 
of LV-to-RV myocardial cross-talk and identified 
the effects of LV volume loading and dysfunction 
on RV developed pressure. Reducing LV volume 
from its normal volume to zero caused a 5.7% 
decrease in RV developed pressure. Furthermore 
ligating the coronary supply to the LV free wall 
resulted in an additional 9.3% decrease in RV 
developed pressure. Cutting the LV free wall 
from developing any contractile force determined 
a 45% decrease in RV developed pressure. All 
these changes in RV developed pressure corre-
lated with the degree of septal bulging in the RV 
cavity during systole, suggest that the septum 
plays an important role in mediating 
ventricular-ventricular interactions. According to 
these authors, more than 50% of the normal RV 

Fig. 9.1  Ecocardiography, parasternal long-axis view, in 
a patient with severe pulmonary hypertension. Note the 
important dilation of the right ventricle and the interven-
tricular septum bulging into the LV cavity, impairing its 
function.
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mechanical work may be generated by LV con-
traction and that the LV free wall plays a pivotal 
role in RV function [44].

Because of the variate interconnections 
between right ventricular dysfunction and left 
ventricular failure, right ventricular status may 
constitute a “common final pathway” in the pro-
gression of congestive heart failure and therefore 
may be a sensitive indicator of impending decom-
pensation or poor prognosis [41].

The fundamental differences in the mecha-
nisms of RV versus LV failure are well demon-
strated by the divergence in the response of the 
two ventricles to heart failure therapies. Multiple 
clinical trials have shown that standard heart fail-
ure drugs (β-blockers, angiotensin-converting 
enzyme inhibitors, angiotensin II receptor block-
ers) do not improve function or survival in 
patients with RV failure [45–47].

In acute settings, RV uses a homeometric or sys-
tolic functional adaptation (Anrep’s law of the 
heart) within minutes of pressure overload while in 
chronically situations it implements a heterometric 
or dimensional adaptation (Frank-Starling’s law of 
the heart) in order to preserve flow output [4].

9.5.1.1	 �Acute RV Pressure Overload
Conditions of acute RV increased afterload are 
represented by pulmonary embolism, positive 
pressure ventilation, acute respiratory distress 
syndrome, and increased pulmonary vascular 
resistance.

In the acute settings, RV function is optimized 
by several adaptive mechanisms including heart 
rate, the Frank-Starling mechanism, and the auto-
nomic nervous system [48].

In acute pulmonary embolism, the RV is not 
capable to overcome the high mean pulmonary 
artery pressure generated by the embolic burden 
resulting in rapid RV failure [2].

The rapid onset of this compensatory mecha-
nism due to acute pressure overload defines the 
acute cor pulmonale, a pathological condition 
which is reversal if the underlying cause is 
promptly treated [49]. However, if neglected, this 
can set the premises of a vicious cycle—the auto-
aggravation cycle of RV failure. Dilatation of the 
RV can determine tricuspid annular dilatation 

resulting in tricuspid regurgitation, increase of 
RV end-diastolic volume and leftward movement 
of the septum, with impairment of the LV [16]. 
Tricuspid insufficiency can aggravate splanchnic 
congestion with decreased RV preload which fur-
ther worsens the low preload state of the LV. The 
low cardiac output determines hypotension and 
impairment in organ perfusion and coronary 
artery perfusion with consequent ischaemia 
which further aggravates cardiac performance 
[17]. The RV poorly tolerates acute pressure 
overload. Severe right-ventricular pressure over-
load can cause a progressive and persistent 
decline in right-ventricular function after only 
90  min, due to activation of endogenous prote-
ases or induction of apoptosis [7].

If in acute settings the compensatory mecha-
nisms of the RV are rapidly exhausted, in case of 
gradual increase in afterload the RV adapts by 
changes in morphology and function.

9.5.1.2	 �Chronic RV Pressure Overload
Chronically elevated right-ventricular pres-
sure more typically causes progressive adverse 
remodelling and right-ventricular contractile 
dysfunction [50]. In case of chronic RV pres-
sure overload as in patients with chronic pulmo-
nary hypertension of any etiology, the sequence 
of events is marked by initial RV hypertrophy. 
From a morphologic point of view, the RV wall 
becomes thicker through assembly of new sar-
comeres and increased protein synthesis, mak-
ing the RV more concentric with concomitant 
flattening of the interventricular septum [48]. 
Secondary to sarcomere synthesis, cardiomyo-
cyte length increases, allowing for a larger stroke 
volume and the maintenance of cardiac output 
[6]. This compensatory RV hypertrophy, how-
ever, leads to increased oxygen demand and a 
reduction in the perfusion flow with consequent 
RV dysfunction. In case of persistent pulmonary 
hypertension, further modifications occur. The 
RV enlargement leads to tricuspid annular dila-
tation and tricuspid regurgitation. The increase 
of RV end diastolic pressure has two major con-
sequences that aggravate RV dysfunction. On 
one hand, the elevated intraventricular pressure 
causes the compression of the coronary flow 
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to the RV wall leading to RV ischemia. On the 
other hand, in order to overcome the pressure 
overload, the contraction of the RV takes longer 
leading to an abnormal condition where the RV 
is still contracting while the LV is already relax-
ing leading to a leftward displacement of the 
septum. Consequently the diastolic area of the 
LV diminishes with a subsequent suboptimal fill-
ing and altered cardiac performance.

RV function worsens parallel to elevation of 
the pulmonary artery pressure [16]. However, 
studies imply that RV failure occurs differently in 
the settings of the same degree of pulmonary 
pressure suggesting the implication of other 
mechanisms such as altered gene expression and 
neurohormonal activation [41].

Prolonged high pulmonary arterial flow can 
also cause progressive right-ventricular contrac-
tile dysfunction and right heart failure indepen-
dent of changes in the pulmonary vasculature, 
possibly due to activation of inflammatory and 
apoptotic factors in the RV [7, 51].

It must be highlighted that RV remodelling 
seems to be highly reversible as patients with RV 
failure showed significant improvement of RV 
function after lung transplant, even if preopera-
tive RV dysfunction was classified as severe [48].

9.5.2	 �RV Volume Overload

The RV is a compliant chamber, with high capac-
ity of accommodating large volumes of blood 
[16]. This is sustained by the favorable evolution 
of patients with cardiac congenital heart diseases 
that imply RV volume overload or tricuspid 
regurgitation that are well tolerated for a long 
time without a significant RV systolic dysfunc-
tion [52].

Patients with atrial septal defect (ASD) main-
tain the RV ejection fraction at higher end-
diastolic and end-systolic volumes [53, 54] and 
can remain undiagnosed until adulthood [55] 
demonstrating the ability of the RV to adapt to 
increased filling volumes [48]. Patients with 
Eisenmenger’s syndrome (ES) have a much 
higher survival rate than those with idiopathic 
pulmonary hypertension, which is believed to 

relate to the fact that in ES the RV has been 
exposed and primed to high pressures since birth 
and therefore is better adapted [48]. It is postu-
lated that regression of right ventricular wall 
thickness never occurs and contractile function is 
preserved for a longer period in patients with ES 
compared with idiopathic pulmonary arterial 
hypertension (PAH), resulting in a fetal RV phe-
notype [48].

9.6	 �Physiopathology of RV 
Failure in Special Settings

9.6.1	 �Pulmonary Embolism

Pulmonary embolism is one of the most common 
causes of acute cor pulmonale.

It is a representative condition for acute 
increase of RV afterload. During the acute phase 
both the right atria and the RV show signs of 
hypertrophy and elevated right atrial pressure, 
with reversal of trans-septal diastolic pressure 
gradient with reduction in left ventricular dia-
stolic area due to the leftward movement of the 
septum [56]. RV dilates and reduces the stroke 
volume. Initially the increase of end diastolic vol-
ume provides transient compensation to reduced 
cardiac output, and then the acute dilatation leads 
to RV dysfunction with failure to produce ade-
quate flow [16].

9.6.2	 �Pulmonary Hypertension

The specific mechanisms underlying the devel-
opment of right ventricular failure secondary to 
pulmonary hypertension are still under debate as 
it is uncertain whether some patients develop 
right ventricular myocardial ischemia, whether 
there is microvascular endothelial cell dysfunc-
tion, and whether or not myocytes undergo apop-
tosis [41].

In idiopathic pulmonary arterial hypertension 
the RV suffers alterations in terms of volume, mass 
and conformation. It presents an increased end-
diastolic volume, varying degrees of hypertrophy 
and a crescentic trapezoid conformation reaching 
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in severe cases to a spherical shape with a greater 
cross-sectional area than the LV leading to an 
abnormal septal function that impairs LV perfor-
mance [41].

9.6.3	 �Myocardial Dysfunction: Right 
Ventricular Infarction

The incidence of RV involvement in patients with 
inferior myocardial infarction ranges between 30 
and 50% [57]. Acute RV failure as the primary 
cause of cardiogenic shock has been reported in 
16% of cases of patients with myocardial infarc-
tion (MI) [58].

RV MI often results when there is an occlu-
sion of the proximal right coronary artery 
(RCA) [16]. However, the occlusion of the 
RCA is not always followed by significant RV 
necrosis and dysfunction. RV is particularly 
resistant to irreversible ischemic injury and 
myocardial stunning plays an important part 
in the pathophysiology of RV dysfunction [6]. 
Several aspects can explain the relative resis-
tance of the RV to irreversible ischemic injury: 
its lower oxygen consumption, dual anatomical 
supply from the right and left coronary arteries, 
relatively homogeneous transmural perfusion 
across the cardiac cycle, increased propensity to 
acute collateral development, and its ability to 
increase oxygen extraction during stress [18, 59, 
60]. Moreover, the right ventricle may remain 
viable for days after an infarct [61], making late 
reperfusion an important resource in the man-
agement of patients with inferior MI compli-
cated by RV dysfunction.

RVMI may be associated with an increased 
risk of death, cardiogenic shock, ventricular 
tachycardia or fibrillation, and high-grade atrio-
ventricular block [62].

9.6.4	 �Surgery

RV failure is a leading cause of morbi/mortality 
early after cardiac transplant [63] and following 
several other cardiothoracic procedures [64].

RV failure is usually due to acute increase in 
afterload in non-cardiac surgery and volume 
overload, myocardial ischaemia, preexisting RV 
dysfunction, or arrhythmias in cardiac surgery 
[19, 65].

The risk factors for postoperative RV failure 
are previous pulmonary hypertension, RV dys-
function, severe LV dysfunction and long cardio-
pulmonary bypass periods while the intraoperative 
mechanisms that may lead to RV failure are rep-
resented by suboptimal myocardial protection, 
myocardial stunning after long durations on car-
diopulmonary bypass, air or thromboembolism 
to the right coronary artery, and mechanical 
occlusion or kinking of the right coronary button 
or bypass graft [4].

9.6.5	 �Valvular Disease

Both left-sided and right-sided valvular heart dis-
ease can result in RV failure.

In patients with left-sided valvular diseases, 
the elevated left atrial filling pressure prevents 
central venous pressure from maintaining pulmo-
nary arterial flow causing RV dysfunction.

In case of tricuspid regurgitation which is 
the most frequent right-sided valvular disease, 
the RV failure is secondary to volume over-
load and RV enlargement. The same mecha-
nism is responsible for the RV dysfunction in 
the settings of right heart infective endocarditis 
(estimated at 5–10% of all cases of infective 
endocarditis) whether it affects native valves, 
prosthetic valves, congenital heart defects or 
implanted devices [4].

9.6.6	 �Intensive Care Setting

The incidence of acute RV failure caused by 
acute respiratory distress syndrome (ARDS) 
ranges from 25% to 50% [66, 67]. The pathologi-
cal mechanism is dual. It is linked both to the 
severity of the distal occlusion of the pulmonary 
arterial bed and the mechanical ventilation set-
tings as the majority of patients require intermit-
tent positive pressure ventilation.
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Positive pressure ventilation can contribute 
to an uncoupling between the pulmonary circu-
lation and the RV, predisposing to an inability 
to sustain sufficient blood flow, especially if 
myocardial contraction is also impaired [4] as 
the preload of RV decreases and the afterload 
increases [17].

Once right heart failure develops, elevated 
intrathoracic pressure from ventilator therapy 
may exacerbate it with important detrimental 
effect on of high-frequency ventilation with high 
mean airway pressure [7].

9.6.7	 �Arrythmias

RV pressure overload causes dyssynchronous 
contraction of the RV and LV with paradoxical 
septal motion contributing to diminished car-
diac output and increased filling pressures lead-
ing to further deterioration of RV function [7]. 
Maintenance of sinus rhythm and AV synchrony 
is especially important in the presence of RV dys-
function [18]. Asynchrony of the RV occurs early 
in the adaptation of the RV and has implications 
in the physiopathology of RV failure. It appears 
when the RV dilates and the septum shifts toward 
the left resulting in a suboptimal filled LV, with 
resultant systemic hypotension and cardiogenic 
shock [4].

Bradycardia, high-grade atrioventricular 
block, ventricular tachycardia, and rupture of the 
interventricular septum may occur more often in 
patients with RV infarction [57, 68].

9.6.8	 �Sepsis

Right ventricular dysfunction reaches 32% in 
sepsis [69].

9.7	 �Pericardial Disease

The limitation of the diastolic filling of the heart 
caused by the rigid pericardium or the pericardial 
effusion increases the diastolic pressure in all 
cardiac chambers resulting in diastolic pressure 

equalization. Deep inspiration, although it does 
not reduce systemic venous pressure, determines 
an increased right ventricular filling that shifts 
the interventricular septum towards the left ven-
tricle with the occurrence of the paradoxical 
pulse [70].

�Conclusions

RV failure is inherently an unstable condition, 
with a tendency toward abrupt and irreversible 
decompensation. The physiopathology of RV 
is linked to its particular size, shape, compli-
ance, contraction pattern, and coronary perfu-
sion. Right heart failure can be caused by 
myocardial dysfunction, pressure overload, 
volume overload, and pericardial disease. The 
complex interaction of the RV and the LV 
makes clinical assessment and therapeutic 
management a challenging issue.
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Acute Right Heart Failure
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Abstract

Heart failure is defined as a life-threatening com-
plex clinical syndrome with exacerbation of 
symptoms signifying decompensation and 
requires emergent treatment. In its acute state it 
presents within 24 hours with symptoms such as 
shortness of breath, volume overload including 
pulmonary edema, sometimes forward failure 
and even cardiogenic shock. Two forms of acute 
heart failure exist: newly diagnosed “de novo” or 
acutely decompensated chronic heart failure. 
This chapter summarizes the clinical and prog-
nostic classification of acute right heart failure, 
epidemiology, diagnostic work-up and the prin-
ciples behind treatment and management options 
that focus on preload optimization, afterload 
reduction and improvement of contractility.

Keywords
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10.1	 �Introduction

Research efforts have disproportionately concen-
trated on the left ventricle in heart failure, how-
ever recent efforts recognize the need to achieve 
a comprehensive understanding of the right ven-
tricle. In the past, the general laws regarding 
cardiac mechanics and treatment modalities to 
improve cardiac performance have been similar 
in both the right ventricle (RV) and left ventricle 
(LV). However, the RV is distinct from the LV 
in regards to structure, geometry, and mechanics 
[1]. During the past two decades, with the help of 
imaging modalities, RV function has proved to be 
an important contributor in the prognosis of heart 
failure regardless of underlying etiology [2].

Heart failure (HF) is generally a chronic 
medical condition with exacerbation of symp-
toms signifying decompensation and requires 
medical attention. It is a complex syndrome that 
is caused by structural or functional cardiac dis-
orders leading to impairment of either ventricle 
to fill or eject blood. It can, however, present as 
an acute condition within 24 h as seen in pulmo-
nary edema or cardiogenic shock [3]. Right HF is 
now more frequently identified in current clinical 
practice due to the increase in the prevalence of 
predisposing conditions in the population such 
as LV failure and myocardial infarction [2]. The 
clinical syndrome presents predominantly as sys-
temic congestion leading to jugular venous regur-
gitation and ankle swelling [3].
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10.2	 �Epidemiology

The prevalence of HF is estimated at 1–2% in 
Western countries and the incidence is about 
5–10 per 1000 persons per year [3]. It is esti-
mated that five million Americans are diagnosed 
with heart failure. The majority of HF patients 
are hospitalized for acute heart failure. The 
median length of stay in hospital is 3 days [4]. 
HF is one of the most common diseases affect-
ing adults in Europe today. In Germany, for 
example, HF is reported to be the most common 
diagnosis leading to hospitalization. In persons 
aged 20–40 years, the prevalence is under 0.5%, 
however in persons over age 60 years, the preva-
lence reaches as high as 10% in men and 8% in 
women [5]. The high prevalence is attributed to 
the aging population, advances in medicine in 
primary and secondary prevention of coronary 
events, as well as in available treatment options. 
In developed countries, the mean age of patients 
with HF is 75 years [3].

10.3	 �Prognosis

Due to recent advancements in medicine such 
as drug therapy providing beneficial long-term 
effects, implantable defibrillators and car-
diac resynchronization systems, the five-year 
mortality rate of patients with chronic HF has 
decreased. A study using enalapril as treat-
ment for HF patients demonstrated significant 
reduction in cardiac death (hazard ratio was 
0.90 for treatment group) and extension of 
median survival by 9.4 months [6]. Implantable 
cardioverter-defibrillator (ICD) could reduce 
mortality rate by 23% among patients with 
HF [7]. However, minimal improvement in the 
prognosis among patients with acute HF has 
been demonstrated. The in-patient mortality rate 
is reportedly 7% according to the Euro Heart 
Failure Survey, with a one-year mortality rate 
at 20–30%. Cardiogenic shock notably has the 
highest mortality rate, followed by pulmonary 
edema, and then followed closely by de novo 
acute HF and right HF [5].

10.4	 �Etiology 
and Pathophysiology

Two forms of acute HF exist: (1) newly arisen or 
“de novo” and (2) acutely decompensated chronic 
heart failure (ADCHF). Two thirds of all patients 
with acute HF have a previous history of HF [5].

Common causes of de novo HF include coro-
nary heart disease, mainly acute coronary syndrome 
and its mechanical complications (e.g. ventricular 
septal defect, acute mitral insufficiency, right heart 
infarct), valvular diseases, myocarditis, hyperten-
sive crisis, arrhythmias, circulatory failure (e.g. 
acute pulmonary embolism, pericardial tamponade, 
aortic dissection), and surgical intervention and 
associated perioperative complications [5].

ADCHF is associated with delayed clinical 
deterioration, such as infections (endocarditis), 
acute exacerbation of chronic obstructive pul-
monary disease and asthma, anemia,  worsening 
renal failure, inadequate fluid and salt intake, 
non-compliance with medication, adverse drug 
reaction and interaction (e.g. non-steroidal  
anti-inflammatory drugs, corticosteroids), uncon-
trolled arterial hypertension, hypo- or hyperthy-
roidism, and substance abuse [5].

10.4.1	 �Acute Right Ventricular 
Failure

RV dysfunction is a result of pressure overload 
or volume overload, or a combination of both 
[2]. Notably, the thin-walled chambers and lesser 
elasticity of the RV structure accommodate 
changes in volume overload better than the LV, 
making the RV more afterload-dependent [1]. 
Additionally primary loss of myocardium leads 
to right HF, however it is a rare cause and not 
confined to the right heart [2].

The RV systolic function remains well-
preserved despite long-standing volume-
overload secondary to atrial septal defect (ASD) 
or tricuspid regurgitation (TR). However, due to 
ventricular interdependence, shift of the inter-
ventricular septum, and increased pericardial 
constraint, these valvular abnormalities lead to 
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decreased LV cardiac output and LV elasticity. 
The over circulation of the pulmonary vascula-
ture causes fixed pulmonary hypertension and 
increased RV afterload [1].

In adults, the RV cannot tolerate acute increases 
in afterload. An increase in pulmonary artery pres-
sure of 20 mmHg results in a 30% decline in RV 
stroke volume. Pulmonary hypertension thereby 
leads to RV dilation and subsequent failure, as 
seen in acute pulmonary embolism with a sudden 
drop in RV systolic volume [1].

There are several causes of right HF [2]. The 
most common cause of RV dysfunction is LV 
dysfunction and failure resulting in pressure 
overload and pulmonary venous hypertension 
[8]. The causes of right heart failure and their cor-
responding mechanisms are listed in Table 10.1.

10.4.2	 �Acute Pressure Overload

As a response to increased pressure, the RV 
compensates via the Frank-Starling mechanism 
by increasing its contractile state. An increase 
in ventricular inotropy as a result of a sudden 
increase in afterload, known as the Anrep effect, 
is mediated through changes in calcium dynamics 
and occurs by maintaining the adrenergic state. 
Catecholamines also contribute to the increase in 
RV pressure by increasing the inotropy. With a 
further increase in the afterload, the subsequent 
dilated RV relies on the Frank-Starling mecha-
nism to function. However, when all of the adap-
tive mechanisms in response to pressure overload 
are exhausted, the systemic pressure begins 
to fall, with a sudden, dramatic, and irrevers-
ible decrease in the contractile function of the 
RV. This concept was first demonstrated in 1954 
by Guyton et al. in which it was established that a 
steady rise in the pressure of the RV secondary to 
the progressive constriction of the main pulmo-
nary artery to the point where the RV can no lon-
ger compensate would lead to a sudden decrease 
in systemic pressure and cardiac output [9].

Acute pulmonary embolism serves as the pro-
totype of RV failure due to acute pressure over-
load. Pre-existing cardiac or pulmonary disease 

and anatomic severity of the obstruction influ-
ence the cascading events seen in pulmonary 
thromboembolism. As vasoconstrictive factors 
are released from the thrombus and in response 
to hypoxia, the pulmonary vascular resistance 
increases, with subsequent increase in pulmo-
nary artery pressure. The result is a dilated and 
hypokinetic RV. The myocardial oxygen demand 
increase and eventually leads to myocardial 
ischemia or infarction [2]. Ischemia or infarc-

Table 10.1  Causes and corresponding mechanisms of 
right heart failure [2]

Causes of right heart failure

Left ventricle 
failure or 
arrhythmia

Right ventricle 
ischemia or injury

RV infarction secondary to 
pressure overload

Increased afterload Acute pulmonary embolism

Pulmonary microthrombi 
(sepsis)

Pulmonary arterial 
hypertension (PAH)

Hypoxic vasoconstriction

Mechanical ventilation

Post CABG

Decreased preload Hypovolemia

Capillary leak

Sepsis

Superior vena cava (SVC) 
syndrome

Right ventricle outflow tract 
(RVOT) obstruction

Mechanical ventilation

Tamponade

Myocardial disease Left ventricle cardiomyopathies

Arrhythmogenic right 
ventricular dysplasia (ARVD)

Cytokines (sepsis)

Congenital/Valvular Mitral valve disease

Ebstein anomaly

Tetralogy of Fallot

Transposition of great vessels 
(TOGV)

Atrial septal defect (ASD)

Tricuspid regurgitation (TR)

Pulmonic regurgitation (PR)

Pericardial Constrictive pericarditis
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tion then causes both a decrease in RV ejection 
and a septal shift, thereby reducing the LV pre-
load. Ultimately, the heart is unable to maintain 
cardiac index and arterial pressure, leading to 
cardiogenic shock [2].

10.4.3	 �Chronic Pressure Overload

Chronic pressure overload leads to multiple epi-
sodes of decompensation, as seen in PAH.  The 
adaptive response of the RV to pressure over-
load is myocardial hypertrophy and a change in 
shape from the normal conformation to a spheri-
cal geometry. This is a result of increased protein 
synthesis and increase in cell size. Paracrine, 
autocrine, and neurohormonal signals such as the 
renin-angiotensin-aldosterone system (RAAS) 
and enhanced sympathetic activity, as well as 
stretch, induce protein synthesis. The long term 
effect causes the pressure overload to eventually 
decrease the cardiac contractile force. The accom-
panying extracellular matrix synthesis impacts 
the RV function and morphology, thus leading 
to electrical instability [2]. The adaptive mecha-
nism of the RV in chronic pressure overload due 
to congenital heart disease, where the RV shape is 
concentric with preserved function, is attributed 
to persistent expression of fetal genes [8].

The RV adequately adapts to chronic pressure 
overload in contrast to acute pressure overload. 
It is reported that 55% of incident patients with 
PAH and chronic pressure overload average a 
survival rate of 3 years. However, some patients 
with severe PAH remain highly functional (New 
York Heart Association Functional Class I) for 
years without developing RV failure [10].

In maladaptive cardiac remodeling, the alpha 
to beta isotype switching of the myosin heavy 
chains (MCH) causes a reduction of the alpha-
MCH isotype, which represents one third of the 
total MCH in adults. This type of remodeling is 
seen in PAH-associated right heart failure. Since 
beta-MCH has lower adenosine triphosphate 
(ATP) activity than alpha-MCH, a reduction in 
systolic function is seen. Additionally, the phos-
phorylation of troponin T by protein kinase C 
inhibits the binding of troponin T to tropomyo-
sin, resulting in inhibition of maximal myofibril-
lar ATP and contraction. Maladaptive remodeling 

also demonstrates abnormalities in enzymes and 
ion channels, mitochondrial effects, depletion of 
myocardial ATP and changes in myocardial sub-
strate use (from fatty acids to glucose) [2].

10.4.4	 �Right Heart Failure Secondary 
to Left Heart Failure

Multiple mechanisms contribute to RV failure sec-
ondary to LV dysfunction: (1) LV failure increases 
the afterload by increasing pulmonary arterial pres-
sure, (2) cardiomyopathy in the LV may simultane-
ously affect the RV, (3) MI that may involve both 
ventricles, (4) LV dysfunction affecting the systolic 
driving pressure of the RV coronary perfusion, (5) 
through ventricular interdependence due to septal 
dysfunction, and (6) RV diastolic function could be 
restricted in the setting of LV dilation with a limited 
pericardial compartment [11].

In the setting of an inferior MI, acute RV fail-
ure is a result of LV dysfunction and elevated 
LV filling pressure. The increase in LV and left 
atrial pressure leads to a corresponding increase 
in mean pulmonary artery pressure to maintain 
the same cardiac output at the same pulmonary 
resistance. These events lead to a simultaneous 
decrease in RV contractile function [9].

In left HF, although RV dysfunction appears to 
be more common in non-ischemic cardiomyopa-
thy, it is also seen in ischemic cardiomyopathy. RV 
dysfunction in this setting more closely parallels 
LV dysfunction. RV ejection fraction is a strong and 
independent predictor for mortality in left HF [12].

The RV may be unable to maintain the flow 
volume required to keep adequate left ventricular 
preload in LV failure. The RV status serves as a 
common final pathway in the progression of con-
gestive HF due to the multiple factors that influ-
ence RV function in LV failure. Thus, this is a 
sensitive indicator of poor prognosis or impend-
ing decompensation [11].

10.4.5	 �Ischemic RV Failure and RV 
Infarction

Coronary artery disease (CAD) represents the 
main preceding event (around 70%) in heart fail-
ure. The high prevalence of reduced flow reserved 
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in patients with HF and non-significant stenosis 
in the main coronary arteries suggests that micro-
vascular impairment contributes to myocardial 
dysfunction [3].

In acute myocardial infarction (MI), the death 
of myocytes in one or more ventricular segments 
results in scarring resulting in inadequate relax-
ation in diastole and impaired contraction in sys-
tole. The lack of synchronicity in the movement 
connected to the infarcted area reduces the effi-
ciency of pump function [3].

Coronary ischemia leads to a decrease in the 
contractile function of the RV.  It is commonly a 
consequence of acute coronary syndrome; how-
ever, other causes include severe pulmonary 
hypertension and/or decreased systemic pressure. 
The blood supply of the RV originates from the 
right coronary artery, and supplies the inferior wall 
of the heart in about 90% of the population [9].

The RV is more adept at tolerating ischemia 
in comparison to the LV due to lower oxygen 
demand and the presence of coronary collateral 
flow. RV failure due to RV infarct may improve 
simultaneously overtime. However, if the RV 
infarct is hemodynamically significant, mortality 
is high [9].

RV infarction occurs in the setting of an infe-
rior MI. This is often unrecognized, as an isolated 
decrease in the RV contractile function with pre-
served RV outflow pressure is a clinically silent 
phenomena. In this setting, normal right atrial 
function is crucial to prevent a loss of atrioven-
tricular synchronicity contributing to cardiogenic 
shock [9].

Infarction of the RV could cause sufficient 
myocardial damage resulting in heart failure, 
shock, arrhythmias, and death in the absence of 
any superimposed volume or pressure overload, 
and unrelated to the extent of LV damage. The 
enlarged hypocontractile right ventricle plays 
an important role in compromising the overall 
circulatory status. Patients with right HF and 
defective RV are found to be more susceptible to 
deterioration [11].

Tachyarrhythmias, such as nonsustained ven-
tricular tachycardia (NSVT) and atrial fibrilla-
tion and flutter (AF), impact right atrial function. 
In AF, atrial contraction is reduced leading to a 
decrease in ventricular filling and stroke volume. 
In NSVT, the systolic volume is diminished due 

to atrioventricular dissociation and the conse-
quent preload drop. Further decreasing the filling 
and cardiac output is the shortened diastolic time. 
Persistent tachyarrhythmias lead to tachycardia-
induced myopathy (tachycardiomyopathy) [3].

10.4.6	 �Congenital Heart Disease 
and RV failure

RV failure is a common consequence of congenital 
heart disease (CHD). In patients with large atrial 
septal defect (ASD), left-to-right shunting and vol-
ume overload is seen in the RV. The long-standing 
volume overload is associated with increased 
mortality and morbidity, such as HF, decreased 
exercise tolerance, and arrhythmias. Incomplete 
RV and right atrial remodeling, and increased risk 
of arrhythmias are correlated with older patients 
(>40 years of age) with delayed repair or closure. 
In comparison to ventricular septal defects, only 
a small percentage of patients with ASD develop 
Eisenmenger syndrome presenting later in life. 
This is attributed to two factors: (1) the timing of 
the shunting, which is delayed until RV hypertro-
phy regresses and maturation of pulmonary vascu-
lature occurs, and (2) the absence of high-pressure 
shear forces as seen in VSD [12].

Ebstein’s anomaly is a congenital heart defect in 
which there is apical displacement of the septal and 
posterior tricuspid leaflet exceeding 8 or 20 mm/
m2 in the adult. The result is an atrialized portion 
of the RV and moderate to severe tricuspid regurgi-
tation. Associated congenital defects include ASD 
with bi-directional shunt, pulmonary stenosis, and 
accessory pathways. Due to the volume overload 
of the RV and the inability of the hypoplastic RV 
chamber to adequately handle systemic venous 
return, RV failure ensues. Surgical management 
depends on the valve morphology (attachment, 
commissures, surface) and the size of the func-
tional RV before repair can be considered [12].

A number of congenital abnormalities such as 
pulmonary valve stenosis, double-chambered RV, 
infundibular hypertrophy, or dynamic obstruc-
tion of the RV lead to RV outflow tract obstruc-
tion. When pulmonary valve stenosis is severe, 
the RV maintains the ability to adapt. Symptoms 
rarely manifest during childhood and adoles-
cence; however, long-standing, untreated severe 
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obstruction lead to RV failure and tricuspid 
regurgitation. Adults present with symptoms of 
fatigue and dyspnea which reflect the inability to 
increase cardiac output during exercise [12].

A common surgical complication of Tetralogy 
of Fallot is severe pulmonic regurgitation (PR) 
associated with RV dysfunction, decreased 
exercise capacity, atrial and ventricular arrhyth-
mias, and sudden death. Timely replacement of 
the pulmonic valve protects patients from post-
surgical complications [13].

In patients with D-transposition of the 
great arteries who underwent atrial switch sur-
gery and patients with congenitally corrected 
L-transposition of the great arteries, the anatomic 
RV supports systemic circulation. These patients 
present with late-onset RV failure since the RV 
properties and mechanics are not designed to 
support the systemic circulation. A progressive 
decline in RV function due to myocardial perfu-
sion defects, uncoordinated myocardial contrac-
tion, and systemic atrioventricular valve (tricuspid 
valve) regurgitation is seen in patients who have 
undergone atrial switch surgery. Congenital cor-
rection of the L-transposition of the great arter-
ies is associated with moderate to severe systemic 
atrioventricular (tricuspid valve) regurgitation and 
increased mortality. Replacement of the tricuspid 
valve slows the progression of the RV failure [12].

10.5	 �Clinical Presentation

In the emergency setting, the most common 
presentation in patients with acute right HF is 
dyspnea. However, dyspnea is a non-specific 
symptom that includes pulmonary etiologies, 
such as asthma and COPD exacerbation, and 
various cardiac etiologies, such as myocardial 
infarction [14]. Dyspnea has a high sensitivity 
of 84–100%, but a poor specificity (17–34%). 
Paroxysmal nocturnal dyspnea is more specific 
at 80–84%, but it has low sensitivity at 39–41% 
[15]. Other clinical presentations include 
orthopnea, fatigue, weakness and lethargy, as 
well as peripheral edema and abdominal disten-
tion. Orthopnea has a specificity of 77% and a 
sensitivity of 50% [14]. Right hypochondrial 

pain is mostly likely due to right sided heart 
failure, with a specificity of 80% and sensitivity 
of 23% [15].

Furthermore patients with right HF present 
with jugular venous distention, lower extremity 
edema and parasternal holosystolic murmur that 
is compatible with tricuspid regurgitation [16]. 
On physical examination, the presence of a third 
heart sound has the highest specificity of 99%, 
but has a very low sensitivity of 13%. Jugular 
venous distention and presence of murmurs 
have specificities of 90% but they also have low 
sensitivities of around 30% [14]. In critically ill 
patients, the most recognizable signs are ele-
vated right-sided filling pressures, such as jugu-
lar venous distention and peripheral edema. A 
parasternal heave may also be felt over the right 
sternal border [17]. Rales and lower extremity 
edema both have specificity of 78% but their 
sensitivity is at 60% and 50%, respectively. 
Wheezing has low sensitivity and specificity, at 
22% and 58%, respectively [14]. Hepatojugular 
reflux and ascites are not frequently found in 
HF but they both have a high specificity of more 
than 96%, but their sensitivity is only at 24% and 
1%, respectively [15]. In patients with right to 
left shunting or severely low cardiac output, cya-
nosis can also be present [16].

10.6	 �Diagnostic Work Up

Since most symptoms of acute right HF have 
either low sensitivity or specificity, it is essen-
tial to complete a thorough medical history and 
physical examination. Recommended inves-
tigations for each patient include: (1) 12-lead 
electrocardiogram, (2) laboratory evaluation, 
(3) chest radiograph, and (4) echocardiogram 
[14].

10.6.1	 �Electrocardiography (EKG)

Obtaining an EKG is routinely done to assess the 
cardiac rhythm, QRS duration, and presence of 
atrioventricular conduction block [16]. Although 
specific, EKG lacks sensitivity [18].
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10.6.2	 �Echocardiography

Echocardiography plays a significant role in 
the diagnosis of right heart failure. RV enlarge-
ment, RV systolic dysfunction, tricuspid regur-
gitation, pulmonary hypertension, congenital 
heart defects, valvular heart disease, or left 
heart disease are consistent in patients with 
RHF [16].

In the parasternal short-axis view, changes in 
the RV associated with hemodynamic overload 
could be seen. The crescent-shaped RV is lost 
while the septum becomes flat. The LV becomes 
non-spherical (D shape) resulting in impaired LV 
filling and decreased cardiac output [2].

Because of the complex structure of the RV, 
only diameters and areas are used in echocardio-
graphic assessment of RV size. The normal free 
wall thickness is at 5  mm, and measurements 
above 5 mm are considered hypertrophy. Using 
the apical 4-chamber view, the long- and short-
axis views can be measured and the end-systolic 
and end-diastolic area are determined. Normally, 
the RV area and mid-cavity diameter are smaller 
than the LV.  Visual echocardiographic assess-
ment is inaccurate for identification of functional 
abnormalities [2].

Three-dimensional echocardiography can be 
used determine volumes and ejection fraction 
without geometrical assumptions. This has been 
proven to be accurate and reproducible compared 
to cardiac MRI [2].

Measurement of right atrial pressure and car-
diac index are the strongest prognosticators in 
PAH and a more accurate reflection of RV function 
than PAP. A right atrial pressure of ≥15 mmHg or 
a cardiac index ≤2  l/min/m2 is an indication for 
transplantation referral in PAH [18].

10.6.3	 �Magnetic Resonance Imaging 
(MRI) and Computerized 
Tomography Scan (CT scan)

MRI is the gold standard for quantifying the RV 
chamber, right heart structure and function [2]. 
This is especially useful in patients with complex 
congenital heart defects such as Ebstein’s anomaly 

and hypoplastic RV, precise quantification of valvu-
lar regurgitation, and planning of complex surger-
ies. Recent studies have also shown the prognostic 
value of RV end-diastolic volumes and pulmonary 
compliance as assessed by MRI in PAH [16].

Tricuspid annular plane systolic excur-
sion (TAPSE) is most commonly used in clini-
cal practice to evaluate global RV function. It 
is easily measured by using an M-mode cursor 
that is passed through the tricuspid lateral annu-
lus in a 4-chamber view. The extent of systolic 
motion of the lateral portion of the tricuspid ring 
towards the apex is then measured. This exhibits 
a good correlation with isotope-derived RV ejec-
tion fraction [2]. It has an established prognostic 
value in patients with PAH and values of <1.8 cm 
indicates significantly decreased survival [18].

Cardiac CT can provide accurate assess-
ment of structure and function, including the 
coronary arteries. However, in patients with 
tachycardia, the cardiac CT and MRI has lower 
accuracy [15].

10.6.4	 �Right Heart Catheterization

Cardiac catheterization remains the gold standard 
for assessing hemodynamics of the pulmonary cir-
culation. It measures the pressures directly and esti-
mates the flow indirectly. Right heart catheterization 
is useful in confirming the presence of pulmonary 
hypertension (mean pulmonary arterial pressure at 
≥25 mmHg at rest), defining the underlying causes 
and providing prognostic information [2].

Indications for right heart catheterization 
include assessment of pulmonary vascular 
resistance or impedance, pulmonary pressures, 
cardiac output shunt fraction, and pulmonary 
vasoreactivity [16].

10.6.5	 �Exercise Stress Testing

Exercise stress testing is very useful is objective 
assessment of clinical deterioration in patients 
with PAH or congenital heart disease. However, 
this is contraindicated in patients with severe pul-
monary vascular disease [16].
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10.6.6	 �Brain Natriuretic Peptide 
(BNP)

HF-specific tests include brain natriuretic peptide 
(BNP) and N-terminal proBNP (NT-proBNP).  
A neuro-hormone, BNP is the activated form of 
proBNP, and is stored in secretory granules in 
both ventricles and lesser in the atria. ProBNP is 
secreted into the ventricles and is broken down 
into its two cleaved form—the inert N-terminal 
fragment (NT-proBNP) and its biologically 
active hormone BNP as a response to volume 
expansion and pressure overload. If measured in 
patients with acute dyspnea, BNP levels of less 
than 100 pg/ml have a negative predictive value 
(NPV) of 90%, while values of more than 500 pg/
ml have a positive predictive value (PPV) of 81%. 
Its level is a strong predictor of risk of death and 
cardiovascular events in patients who are previ-
ously diagnosed with heart failure or cardiac 
dysfunction [15]. BNP could predict survival in 
patients with acute RVH in PAH. Increased levels 
are associated with increased mortality (1415 pg/
ml vs 628 pg/ml) [18].

NT-proBNP has a longer half-life of 72  h 
compared to 4 h of BNP. They have no clinically 
significant difference, aside from NT-BNP levels 
are less affected by obesity. Elevated levels have 
been associated with renal failure, pulmonary 
embolism, pulmonary hypertension, and chronic 
hypoxia. Obese and overweight individuals are 
found to have relatively low BNP levels [15].

10.6.7	 �Other Tests

Chest radiography can be used to evaluate car-
diac size, pulmonary congestion, and to detect 
other cardio-pulmonary diseases that are contrib-
utory to the patient’s symptoms [15]. Once the 
chest radiograph shows signs of RV dysfunction, 
RVF is usually advanced and is associated with 
high mortality [18].

Baseline renal and liver function tests, albu-
min, uric acid levels and B-type natriuretic 
peptide could help in determining the progno-
sis of right heart disease [16]. Sodium levels 
≤136 mml/l could predict RVF and increased risk 

of death in patients with PAH. Creatinine could 
also predict survival as increased levels suggest 
increased mortality. Elevated levels of C-reactive 
protein are associated with increased mortality. 
Liver transaminases, though its prognostic value 
has not been established, could reflect hepatic 
congestion and/or hypoperfusion due to compro-
mised LV function and forward failure [18].

In patients with PAH, the following tests are 
also obtained: ventilation perfusion scan, pul-
monary function tests, overnight oximetry, and 
serology for human immunodeficiency virus 
(HIV) and connective tissue diseases. To deter-
mine protein-losing enteropathy, stool alpha-1 
antitrypsin is also obtained [16].

10.7	 �Treatment and Management

Treatment of acute right heart failure focuses 
on three targets: (1) preload optimization, (2) 
afterload reduction, and (3) improvement of con-
tractility [18]. The primary goal in the setting of 
acute RHF is to avoid systemic hypotension in 
order to prevent sequela events such as myocar-
dial ischemia and further hypotension [16].

In etiology-specific management, the treat-
ment options include early revascularization 
for RV infarction, thrombolysis for pulmonary 
embolism, antibiotics for endocarditis, and sur-
gical repair. In ST-elevation myocardial infarc-
tion (STEMI) involving the right ventricle, early 
reperfusion has been shown to improve RV ejec-
tion fraction and decrease the incidence of com-
plete heart block [16].

In critically ill patients admitted to the inten-
sive care unit (ICU), acute RV failure is mostly 
a combination of established pulmonary vascu-
lar disease complicated by acute derangements 
in one or all of the following: (1) RV preload, 
(2) RV afterload, and (3) RV contractility. For 
example, in an ICU patient who develops cor pul-
monale from emphysema and subsequent severe 
pneumonia, management is directed at optimiz-
ing RV function. In patients with acute RV failure 
secondary to a massive pulmonary embolism, 
the targeted treatment is to reduce the increased 
afterload [17].
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10.7.1	 �Optimizing the Preload

Most of the clinical conditions that lead to RHF 
are associated with increased RV afterload. 
Diuretics or hemofiltration reduce the excessive 
RV preload, and thereby reduce RV dilatation 
and free wall tension. This minimizes ischemia 
and improves contractility [19]. Progressive 
diuresis of 500–1000 ml daily is the target goal 
in patients with volume overload. In patients with 
hypovolemia, a bolus of 500 ml is given [16].

Generally maintaining moderately high RV 
diastolic filling pressure of 8–12 mmHg is opti-
mal in RHF [19]. It is then adjusted to optimize 
RV function and cardiac output. In ICU patients, 
a central venous catheter is used to monitor 
superior vena cava oxygen saturation (SvO2) and 
central venous pressure, which help in assessing 
right-sided filling pressures and oxygen deliv-
ery. The normal range for SvO2 and lower values 
suggest reduced cardiac output [17]. In condi-
tions like acute RV infarction (further discussed 
below) where the RV output is impaired due to 
contractile dysfunction but the afterload is nor-
mal, a higher preload is needed to keep the for-
ward flow [19].

10.7.2	 �Reducing the Afterload

Pulmonary vasodilators are used in conditions 
with high pulmonary vascular resistance (PVR). 
Increased PVR is seen in critically ill patients 
with acidosis, hypoxia, and hypercapnia. Using 
lung protective ventilation (using lower effec-
tive plateau pressure, tidal volume, and positive 
end-expiratory pressure) while avoiding hypox-
emia and hypercarbia, helps improve RV pre-
load and afterload [19]. The SaO2 is ideally kept 
above 92% and ventilator settings are adjusted to 
achieve a lung volume near functional residual 
capacity and a Pco2 and pH that are near normal 
as possible [17].

The pulmonary vasodilator agent of choice in 
critically ill patients is inhaled nitric oxide (iNO), 
used off-label. Its pharmacologic properties of 
rapid onset of action and short-half-life have been 
shown to improve pulmonary hemodynamics in 

RHF [19]. It improves oxygenation by diverting 
blood flow away from areas of very low venti-
lation-perfusion ratio or shunt. In patients with 
acute respiratory distress syndrome (ARDS), 
iNO does not improve the outcome but has been 
shown to improve the RV ejection fraction and 
end-diastolic volume and improve mixed venous 
oxygenation saturation in patients with acute RV 
failure. It must be noted that systemic adminis-
tration of pulmonary vasodilators can worsen 
gas exchange and impair ventilation-perfusion 
matching [17].

Prostanoids are used in patients with PAH 
and RV infarction [16]. Similar to iNO, three 
prostacyclin derivatives are currently available 
in the United States for the treatment of pul-
monary arterial hypertension: (1) epoprostenol, 
(2) treprostinil and (3) iloprost. These agents 
act as potent pulmonary vasodilators with rapid 
onset of action and short half-lives. They func-
tion to increase the intracellular cAMP level, 
and provide inotropic effects. These agents are 
administered via inhalation, thus minimizing the 
systemic effects [17].

Phosphodiesterase-5 (PDE5) inhibitors are 
alternate therapeutic agents used to manage 
patients with acute RHF and underlying chronic 
pulmonary hypertension. They act by decreas-
ing the pulmonary arterial pressure and increas-
ing the cardiac output in both acute and chronic 
pulmonary hypertension. However, the potential 
adverse effect of causing systemic hypotension 
and blunting hypoxic pulmonary vasoconstric-
tion must be taken into consideration [19].

Other pulmonary vasodilator agents such 
as the endothelin receptor antagonists and the 
soluble guanylate cyclase stimulator, riociguat, 
should also be used with caution in manage-
ment of acute RV failure. Endothelin receptor 
antagonists have reportedly been associated with 
increased mortality in left heart failure. Riociguat 
has significant systemic vasodilator effects, 
especially in conditions like sepsis wherein the 
endogenous nitric oxide production may be 
increased. Calcium channel blockers should also 
be avoided because of associated negative inotro-
pic effects and the potential to increase RV stroke 
work index [17].
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10.7.3	 �Improving Contractility

Supraventricular tachyarrhythmias (SVTs) can 
further compromise cardiac function. In the 
setting of chronotropic incompetence, atrial or 
atrioventricular sequential pacing may improve 
cardiac output in RHF. Electrical cardioversion 
is performed on patients with tachyarrhythmias, 
while pacemaker implantation is performed in 
patients with high grade AV block [16].

The therapeutic goal in patients who are 
hypotensive with severely elevated pulmonary 
artery pressure is to maintain the systemic arte-
rial pressure higher than the pulmonary arterial 
pressure. Vasopressin, which binds to vasopres-
sin-1 (V1) receptors on vascular smooth muscles, 
can cause pulmonary vasodilation at low doses 
(0.01–0.03 U/min). However, at higher doses, it 
causes coronary vasoconstriction by increasing 
catecholamine responsiveness [19].

In patients with acute RHF and signs of low 
cardiac output, inotropic therapy is indicated. 
Dobutamine acts to increase cardiac index and 
stroke volume while maintaining preload. At 
doses of 2–5 mcg/kg/min, dobutamine increases 
cardiac output while decreasing pulmonary vas-
cular resistance in PAH.  Its combination with 
iNO in pulmonary hypertension has shown to 
increase cardiac index, decrease pulmonary vas-
cular resistance, and significantly increase PaO2/
FiO2 ratio. In hypotensive patients, the preferred 
agent is dopamine, whereas milrinone is pre-
ferred in patients with tachyarrhythimas [16].

If the patient remains hemodynamically 
unstable after preload optimization, in which 
dobutamine is primarily used, mechanical sup-
port options such as extra corporeal membrane 
oxygenation (ECMO) and right ventricular assis-
tive device (RVAD) are considered, as well as 
urgent transplantation and surgery in selected 
cases [16].

Levosimendan, a calcium sensitizer with 
inotropic properties, improves RV function or 
pulmonary hemodynamics in patients with biven-
tricular failure or ARDS [16]. It functions to 
increase contractility without increasing oxygen 
consumption. This effect is achieved by sensi-
tizing cardiac troponin C to the effects of intra-
cellular calcium. However, its use is limited by 

adverse effects, such as hypotension and arrhyth-
mias, especially with bolus dosing [18]. Future 
studies are needed to determine its role in manag-
ing patients with acute RHF [16]. It is currently 
approved in Europe, but not in the U.S. [18].

10.7.4	 �Treatment of RV Ischemia 
and Infarction

RV ischemia presents with both systolic and 
diastolic dysfunction which causes a serious 
deficit in LV preload and a resultant drop in car-
diac output, leading to systemic hypotension. 
Adequate filling (preload) of the RV is crucial 
to maintain sufficient RV output volume and LV 
function. Initial therapy includes administration 
of adequate volume and avoidance of therapeu-
tic agents that cause venodilation and decreased 
RV filling, such as diuretics and nitrates. Initial 
recommendation is a volume challenge of 300–
600  ml of normal saline over 10–15  min via a 
central line or through a large-bore peripheral 
intravenous site. Invasive hemodynamic monitor-
ing is preferred since further infusion is damag-
ing when additional increases in the RV volume 
prevent sufficient LV filling, due to interventricu-
lar interactions and intra-pericardial pressure 
equalization [20].

Although conventional management of RV 
infarction is initially volume replacement, recent 
studies have cautioned against excessive volume 
loading. Traditionally, the initial therapy in hypo-
tensive patients with severe RV infarction without 
pulmonary congestion is volume expansion when 
the central venous pressure is <15  mmHg. The 
accepted regimen is administration of normal saline 
(40 ml/min, up to 2 L) while maintaining the right 
atrial pressure at <18  mmHg to prevent volume 
overload. However, recent clinical studies show 
that volume loading further elevates the right-sided 
filling pressure without improving cardiac output. 
Berisha et  al. conducted a study demonstrating 
that the mean optimal pulmonary wedge pressure 
(PWP), which reflected maximum LV stroke work 
index in each patient, was 16 mmHg [21].

Early and complete revascularization of 
the affected vessels, including the major RV 
branch, is significant in the recovery of RV 
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function. Adequate heart rate and maintenance 
of atrioventricular synchrony by electrical sta-
bilization are key factors in preserving cardiac 
output in RV infarction. Extracorporeal sup-
port devices have been used to support RV 
failure due to infarction which improve RV 
shock [21].
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Chronic Right Heart Failure
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Abstract

Right heart failure (RHF) represents a distur-
bance or dysfunction in any of the components 
that constitute the right heart circulatory sys-
tem. The right ventricle is overshadowed by 
the left ventricle and the crescent-shaped right 
ventricle is anatomofunctionally different from 
the conical-shaped left ventricle due to its 
myocardial structure. The central component 
of the anatomofunctional relationship between 
both ventricles is the interventricular septum. 
Several pathologies affecting the right ventri-
cle do not usually impair right ventricular 
functions because the interventricular septum 
remains intact in most cases, thus enabling the 
right ventricle to withstand acute or chronic 
cardiac dysfunctions for long periods and 
delaying the development of RHF.  On the 
other hand, RHF leads several pathological 
changes involve not only the cardiovascular 
system, but also the hepatic, renal, neuroendo-
crinological, immunological, musculoskeletal, 
hematologic, gastrointestinal systems, and 
nutritional status. Congestive multiorgan dys-
functions should be treated initially, and then 
these patients should be listed for transplanta-
tion or mechanical assist device implantation. 

Understanding of pathophysiology and struc-
tural changes of the right ventricle will open 
new treatment options in near future. 
Percutaneous right heart bypass systems will 
also take first place to support the right-
sided  cardiac output; maybe, for long-term 
implantation.
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11.1	 �Introduction

Right heart failure (RHF) represents a distur-
bance or dysfunction in any of the components 
that constitute the right heart circulatory system 
(i.e., from systemic veins to pulmonary capillar-
ies), which is not restricted to the right ventricle 
(RV); rather, right ventricular failure (RVF) is 
one of the most important causes of RHF [1].

Right heart failure is a major determinant of 
the outcomes in patients with primary pulmonary 
arterial hypertension (PAH), corrected congenital 
heart diseases (c-CHDs), and advanced left ven-
tricular failure (LVF). Recent clinical observa-
tions, scientific investigations, and experimental 
studies have cast new light on the importance of 
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the RV in normal cardiac physiology and its 
prominent role in the pathophysiology of 
RHF. The main difference of the RV is the depen-
dence of right ventricular afterload on fetal and 
postnatal life, wherein the RV works as a sys-
temic ventricle during fetal life and pulmonic 
ventricle after birth. During fetal life, the RV and 
the left ventricle (LV) work in parallel to support 
the systemic and pulmonary circulation. Elevated 
pulmonary vascular resistance (PVR), which is 
associated with higher systemic afterload, main-
tains the physiologic right ventricular hypertro-
phy (RVH) because the RV accounts for 
approximately 60% of the total cardiac output 
(CO). However, these circulations are serially 
connected after birth due to a progressive 
decrease in pulmonary afterload when both lungs 
begin to function during respiration, thus result-
ing in the unloading of right ventricular pressure 
and a subsequent physiologic regression. 
Pathological increase in pulmonary afterload, 
after birth, will lead to a chronically compensated 
state with increased RVH, right ventricular dys-
function (RVD), or clinical symptomatic RVF.

The RV has been overshadowed by the LV, 
which conforms better to geometric models and 
is more accessible to noninvasive imaging tests, 
especially transthoracic echocardiography 
(TTE), due to its simpler anatomy. The crescent-
shaped cavity of the RV is anatomofunctionally 
different from the conical-shaped cavity in the 
LV due to its myocardial structure, which 
includes dense transverse fibers that create the 
framework of the thin free wall and scanty 
oblique helical fibers that form the interventric-
ular septum (IVS). Moreover, the LV cavity is 
only capable of long-axis shorting and mild cir-
cumferential narrowing. Early studies on car-
diac function have falsely concluded that the 
RV did not contribute significantly to the gen-
eration of CO.  However, advanced imaging 
techniques including cardiac magnetic reso-
nance imaging (cMRI) have provided critical 
information about the anatomical, physiologi-
cal, and pharmacological actions and response 
mechanisms of the RV, allowing for true mea-
surements of the right ventricular ejection frac-
tion (RVEF), right ventricular stroke work 

index (RVSWI) and right ventricular fractional 
area change (RVFAC).

Several pathologies affecting the RV do not 
usually impair right ventricular functions because 
the IVS remains intact in most cases, thus 
enabling the RV to withstand acute or chronic 
cardiac dysfunctions for long periods and delay-
ing the development of RHF.  The IVS can be 
defined as the main power source of the RV and 
the LV; it compensates for the lack of functional 
support from the rest of the ventricles and coun-
terpoises the ventricular stroke volume (SV) of 
both ventricles. This functional interaction 
between both ventricles is termed as ventricular 
interdependence, which transmits the contractile 
force from one ventricle to the other, particularly 
from the LV to the RV, through the myocardium 
and pericardium independent of neural, humoral, 
and circulatory mechanisms [2]. An intact IVS 
constitutes approximately 35–40% of the ven-
tricular muscle mass and produces approximately 
80% of the right ventricular contraction (close to 
60% of the RVEF), which prevents right ventric-
ular suppression. Intact septum protects right 
ventricular function for a long period, despite the 
destruction of the free wall by infarction or surgi-
cal intervention, even in the presence of supra-
normal PVR; on the contrary, septal damage 
causes severe RVD within a short time despite 
the preservation of free wall functions, even in 
the absence of PHT [3].

Recently, researchers have witnessed several 
paradigm shifts in studies involving PAH because 
of its progressive nature, which affects both the 
pulmonary vasculature and the heart. Knowledge 
about insufficiency between pulmonary vascular 
tone and lung vessel constriction helped under-
stand the pathology of severe forms of 
PHT.  Recently, RV is thought to be a specific 
contributor to the pathobiology of PAH and a part 
of the axis between the diseased lung circulation 
and the RV. In spite of the fact that the RV can 
adapt to increased pulmonary afterload via con-
centric hypertrophy, this compensatory mecha-
nism can inhibit right ventricular function to a 
certain extend; however, failure can result in 
RVD. In PAH, pulmonary vascular damage inevi-
tably affects the entire cardiopulmonary unit. 
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Yet, RVD is the most important determinant of 
long-term outcomes, and prolonged survival is 
related more to the degree of RVF than to pulmo-
nary hemodynamics [4].

The final determinant of chronic RHF is the 
intrinsic breakdown of degenerating myocytes. 
Genetic disorders involving the heart, congenital 
heart defects, acquired myocardial infiltrative 
diseases, and specific myocardial pathologies 
affecting the RV worsen systolic and/or diastolic 
right ventricular functions, resulting in chronic 
RHF.  Contractile dysfunctions can be tolerated 
by septal systolic contraction, but diastolic dys-
function causes severe symptoms.

Chronic RHF, like LHF, should be defined as 
a syndrome characterized by specific symptoms 
(e.g., dyspnea and fatigue) and signs (e.g., 
edema, ascites, hepatomegaly, and anasarca 
edema) on physical examination. Furthermore, it 
should be graded as “physiologic hypertrophy, 
asymptomatic RVD, symptomatic RVF, and end-
stage RHF”. While it is not difficult to recognize 
the signs and symptoms of severe RHF, it is chal-
lenging to define and to predict the transition of 
an individual patient from a compensated to a 
decompensated state. Possibly, the condition “at 
risk of developing RVF” best describes asymp-
tomatic patients with varying etiologies 
(Table 11.1), who demonstrate mild or compen-
sated abnormalities in the TTE or cMRI.

11.2	 �Contractile Anatomy 
of the Right Ventricle

To understand the anatomic structure of the RV, it 
is important to recognize that both ventricles are 
embryologically, architecturally, structurally, 
geometrically, physiologically, and adaptation-
ally different from each other. The LV is less 
complex to analyze and more accessible to imag-
ing than the RV. Both ventricles consist of three 
parts: the inflow tract in front, a trabecular body 
in the middle, and an outflow tract at the end, 
which gives the appearance of a differently 
shaped ballooned tube in the middle of each ven-
tricle. The central component of the anatomo-
functional relationship between both ventricles is 

the IVS, which separates the LV and RV cham-
bers. The IVS is formerly considered as a part of 
the LV because it comprises the same oblique 
fiber elements of the free left ventricular wall.

Table 11.1  Etiology of chronic RVF

1.  Increased afterload

(a)  Postcapillary

• PHT group II (LHF, left-sided CMPs)

• �Increased LVEDP (e.g., AS, LVOT 
obstructions)

• Increased LAP (e.g., MS, MR)

(b)  Capillary

• �Pulmonary embolism (thrombotic, septic, 
amniotic, fat, air, injectate, other)

• Hypoxic pulmonary vasoconstriction

• Mechanical ventilation

• Vaso-occlusive sickle cell crisis

(c)  Precapillary

• �RVOT obstructions (e.g., PS, diffuse 
hypertrophic CMP, infundibular hypertrophy)

• CHDs (e.g., ASD, APVR)

• Valvular insufficiency (e.g., TR, PR)

2.  Right ventricular myocardial abnormality

(a)  Right ventricular infarction

(b)  Infiltrative or restrictive CMPs

(c)  ARVD

(d) Amyloid, sarcoid

(e)  Right ventricular ischemia

(f) � Microvascular diseases and capillary 
rarefaction

3.  Decreased preload

(a) � Hypovolemia (e.g., systemic vasodilatory 
shock, anaphylaxis, extensive burn injury, 
sepsis)

(b)  Tamponade

(c)  Constrictive pericarditis

(d)  Superior and/or inferior VC syndrome

(e)  TS

4.  Mixt

(a)  Post-LVAD RHF

APVR anomalous pulmonary venous return, ARVD 
arrhythmogenic right ventricular dysplasia, AS aortic ste-
nosis, ASD atrial septal defect, CHD congenital heart dis-
ease, CMP cardiomyopathy, LAP left atrial pressure, LHF 
left heart failure, LVAD left ventricular assist device, 
LVEDP left ventricular end-diastolic pressure, LVOT left 
ventricular outflow tract, PR pulmonary regurgitation, PS 
pulmonary stenosis, RHF right heart failure, RVOT right 
ventricular outflow tract, TR tricuspid regurgitation, TS 
tricuspid stenosis, VC vena cava
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The helical ventricular myocardial band 
model details the geometric structure and the 
spatial myofiber configuration of the heart, com-
prising two interconnected loops (i.e., the basal 
and apical components) [5]. The basal loop is an 
external structure comprised predominantly of 
transverse fibers that wrap around both ventri-
cles. A central myocardial fold occurs where the 
right basal segment becomes the left basal seg-
ment (i.e., the IVS). The RV free wall mainly 
containing the transverse basal loop provides an 
external cover for the IVS, thereby changing the 
orientation of the fibers in an oblique direction 
resulting a helical arrangement of the apical loop. 
Some of these oblique apical loop fibers also con-
tribute to the RV outflow tract (RVOT).

The LV originates from the primary heart field 
and has a conical architecture as if folded by the 
two flow paths, like a horseshoe, with both paths 
adjacent to each other. The LV, along with the 
IVS, accounts for >70% of the weight of the heart 
with the IVS constituting approximately 35% of 
the entire ventricular myocardial mass in the 
adult [6]. Myocardial structure is thicker 
(≥10 mm) and consists of three layers at the free 
wall (i.e., superficial oblique fibers, subendocar-
dial longitudinal fibers, and circumferential fibers 
in between). The oblique helical fibers crossing 
each other at 60° angles are generally responsible 
for systolic ejections against higher systemic 
afterload via helical motions (spiral contraction). 
This ability of systolic contraction is the main 
factor that differentiates it from the RV, thus 
enabling the LV to adapt to the acutely elevated 
systemic afterload without LVF. Chronic eleva-
tion of systemic afterload induces a concentric 
hypertrophy to counterbalance the increase in 
resistance and to provide systemic SV for a long 
time, possibly life long, if myocardial ischemia 
and/or structural changes (e.g., excessive hyper-
trophy or valvular pathologies) do not develop.

The RV originates from the secondary heart 
field and has a triangular or crescent-shaped 
architecture, wrapping around the LV with both 
flow paths unbound to each other. The RV, with 
its thin free wall myocardium (≤5 mm), consti-
tutes <30% of the weight of the heart and com-
prises only two myofiber layers: the superficial 
muscle fibers are arranged circumferentially 

parallel to the atrioventricular groove in continu-
ity with the LV, whereas the trabecular subendo-
cardial longitudinal fibers are aligned along the 
base to the apex. Because the free-wall of the RV 
is composed mostly of transverse fibers with 
scanty longitudinal fibers and no helical fibers, it 
can normally create a systolic ejection against 
lower pulmonary afterload using the bellows-
type motion (peristaltic contraction). This type of 
contraction has limited ability to cause a marked 
increase in afterload, thus resulting in symptom-
atic RVF within a short period. In the same way, 
chronic elevation of pulmonary afterload can 
induce a concentric RVH to maintain pulmonary 
SV up to a certain time, but the RV fails soon 
with signs of right-sided low cardiac output syn-
drome (LCOS).

11.3	 �Physiology of the Right 
Ventricle

Normal RV function is hugely complex and 
dependent on multiple factors (Fig.  11.1). The 
forward RVEF (i.e., forward blood flow) is essen-
tial to maintain systolic function. Right ventricu-
lar stiffness is dependent on the hydraulic 
pressure in the right coronary artery (thus on sys-
temic pressure), the end-systolic volume, and the 
degree of fibrosis in the myocardium [7]. The 

RV Diastolic Function

RV distensibility
RV relaxation
RA filling
TV stenosis
PV regurgitation
Pericardial cavity
LV distention

Myocardial structure
Contractility
Septal motion
Pulmonary resistance
Venous uploading
Heart rhythm
TV regurgitation

RV Systolic Function

RVEDV – RVESV (- TRV)

RVSV

Fig. 11.1  Factors affected right ventricular function. LV 
left ventricle, PV pulmonary valve, RA right atrium, RV 
right ventricle, RVEDV right ventricular enddiastolic vol-
ume, RVESV right ventricular endsystolic volume, RVSV 
right ventricular stroke volume, TRV tricuspid regurgitant 
volume, TV tricuspid valve
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generally thin RV is capable of filling and pump-
ing the same amount of blood as the stronger, 
thick-walled LV.  The contractility of the RV is 
weaker than that of the LV because of lower myo-
cardial mass, a crescent-shaped cavity, and spin-
dly papillary muscles; however, the structure of 
the trabeculae carneae in the RV gains power for 
ejection without excessive concentric hypertro-
phy. Lower pulmonary resistance (i.e., one-sixth 
the amount of systemic resistance) of highly dis-
tensible pulmonary vessels prevents the thin and 
expandable RV myocardium from increasing in 
pulmonary afterload, which may prove injurious 
under circumstances of pressure overload, and 
maintains significantly lower pressures in the 
RV. Therefore, the RV is more dependent on the 
afterload compared with the LV. This is probably 
due to the characteristics of the pulmonary arte-
rial circulation as opposed to systemic arterial 
circulation for systolic motions and the charac-
teristics of the systemic venous circulation as 
opposed to the pulmonary venous circulation for 
the diastolic behavior.

The trapezoidal right ventricular pressure-
volume loop reflects the changes during the car-
diac cycle. Right ventricular ejection starts early 
during pressure generation and maintains a “hang-
out period” to continue the antegrade flow into the 
low resistance pulmonary circuit despite the onset 
of right ventricular relaxation. The right ventricu-
lar end systolic pressure (RVESP) falls before the 
closure of the pulmonic valve during end-systole, 
whereas the LV continues to generate systolic 
pressure until the closure of the aortic valve during 
whole systole. The RV takes advantage of this 
physiology by producing CO identical to that of 
the LV with markedly reduced work (25% of the 
left ventricular stroke work) and myocardial 
energy demand (20% of the left ventricular energy 
cost): the low cavity pressure determines lower 
wall stress and lower oxygen demands.

The unique anatomy, myocardial ultrastruc-
ture, and coronary physiology of the RV reflect 
the characteristics of a “high-volume/low-
pressure” pump with a complex contraction 
mechanism (Table 11.2). Right ventricular ejec-
tion (by twisting and thickening) and filling (by 
untwisting and lengthening) is usually regulated 
by septal contraction and relaxation. During 

systole, right ventricular contraction proceeds 
sequentially, by initiating in the inlet, continuing 
through the apex, and concluding in the infundib-
ulum. At the inflow tract, a longitudinal shorten-
ing from base to apex occurs via tricuspid annular 
plane systolic excursion (TAPSE) strengthened 
by the helical contraction of the IVS. This con-
traction is the dominant systolic motion of the RV 
to eject blood into the low resistance pulmonary 
circulation; yield alone an ejection more than 
60% (longitudinal strain), supported by the bel-
lows effect due to the pressing of the RV free-wall 
against the septum; yield alone an ejection frac-
tion close to 30–35% (circumferential strain). 
The last effectiveness will be clinically evident for 
the prevention of postoperative RVF despite the 
frequent occurrence of early septal dysfunction 
following many conventional cardiac operations, 
when PVR continues to remain low postopera-
tively, and provides enough SV to maintain the 
right-sided CO. On the contrary, septal dysfunc-
tion related to any reason results in significant 
right-sided LCOS when the pulmonary afterload 
following surgical procedures is elevated.

Ventricular systolic interdependence plays an 
important role in the physiology of this contrac-
tion of the RV. Physiological dependence of both 
ventricles works according to the Frank Starling 
mechanism wherein one is obliged to provide 
optimal preload to another to maintain circula-
tion. The anatomical interaction between both 

Table 11.2  Systolic contraction mechanism of the RV

1.  Longitudinal shortening 80%

(a) � TAPSE (contraction of longitudinal 
fibers that draw the tricuspid 
annulus toward the RV apex)

(b) � Ventricular interdependence (LV 
assistance to RV contraction by way 
of the shared interventricular 
septum and contiguous LV and RV 
circumferential fibers)

(c)  Basal loop constriction

(d) � Infundibular contraction toward the 
end of systole

2. � Bellows motion (inward movement of 
the free wall)  

15-20%

3. � Traction of RV free wall at the points of 
binding to the LV

<5%

LV left ventricle, RV right ventricle
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ventricles is more complicated. The LV contrib-
utes to significant amounts (20–40%) of right 
ventricular contractility and even higher (approx-
imately 50%) of right ventricular pressure gen-
eration. Right ventricular dysfunction causes 
right ventricular dilatation with or without pres-
sure overload resulting in a leftward shift of the 
IVS and a change in the left ventricular geometry. 

Moreover, it increases the constraining effect of 
the pericardium resulting in right heart diastolic 
tamponade. These changes contribute to the 
aggravation of LCOS, which means that the con-
tractile state of one ventricle can influence the 
entire performance of the heart.

Preload determines the functions of both ven-
tricles as well as the IVS (Fig.  11.2). Diastolic 

a

c

b

Fig. 11.2  Interventricular volume and/or pressure over-
load shifts the IVS into the other ventricular cavity. (a) 
Normal-loaded LV and RV. (b) Overloaded LV and col-

lapsed RV. (c) Overloaded RV and collapsed LV. IVS 
interventricular septum, LV left ventricle, RV right 
ventricle
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interdependence significantly crystalizes only 
under pathological conditions, when the volume 
or pressure overloaded ventricle shifts the IVS 
into the other chamber, resulting in a decreased 
preload and an impairment of SV.  Volume or 
pressure overloaded RV shifts the IVS into the 
LV, decreasing left ventricular diastolic filling 
and SV [8]. Diastolic mutuality is a result of the 
common pericardial sac. The pericardium is lim-
ited in its ability to accommodate chronic ven-
tricular dilatation. As the RV is the more 
compliant chamber, this diastolic interaction 
most commonly occurs during the volume over-
load state of the RV (e.g., atrial septal defect). 
Right ventricular diastolic function is not affected 
during acute elevation of the pulmonary after-
load, whereas chronic pressure overloading 
impacts diastolic dysfunction caused by a pro-
longed diastolic relaxation time and increased 
diastolic stiffness [9].

Besides, right ventricular function is deter-
mined by the heart rhythm and right heart syn-
chrony because preserved functions of both atria 
affect the RV more than the LV. Maintenance of 
sinus rhythm and atrio-ventricular synchrony is 
crucial for right ventricular function, especially 
in chronic RVF.

11.4	 �Assessment of Right 
Ventricular Functions

The goals of the initial evaluation of patients 
with chronic RVF are to better characterize the 
etiology, severity of dysfunction, associated car-
diac pathologies, and possible treatments. It is 
technically more difficult to image the RV than 
the LV due to its changeable physiological and 
anatomical structures during the filling and 
ejecting phases in the presence of normal load-
ing, unloading or uploading of the RV. The RV 
works and shapes according to the afterload, 
which is caused by an elevated pulmonary arte-
rial pressure (PAP), a rightward shifted IVS, an 
increased intrathoracic pressure, or raised pul-
monary arterial resistance. Afterload mismatch 
is the most important prognostic factor for sys-
tolic RVD in pressure overload conditions. 
Imaging studies play a crucial role during the 

initial assessment and serial monitoring of right 
ventricular functions.

Noninvasive imaging tools are preferred to 
evaluate right ventricular functions, primarily 
TTE or cMRI.  Echocardiography plays a key 
role in the diagnosis of right heart diseases due 
to its ease of use, low cost, and accessibility. 
However, cMRI is the gold standard for evaluat-
ing right heart structure and function, and it is 
particularly useful in patients with complex con-
genital heart defects (e.g., Ebstein’s anomaly, 
hypoplasic RV), requiring a complex surgery. 
Moreover, cMRI provides information on ven-
tricular hypertrophy, the presence of infiltrative 
diseases, and the presence of fibrosis. Several 
parameters can be measured via TTE to present 
the final, but instant situation of the RV 
(Table  11.3). Load-dependent measurements 
such as TAPSE, RVFAC, and RVEF cannot 
directly evaluate the intrinsic right ventricular 
contractility and may provide varying informa-
tion under different hemodynamic conditions, 
because the right ventricular functions fluctuate 
while determining the parameters via two-
dimensional TTE, which is due to the lack of 
accurate ventricular volumes and the sensitivity 
of the RV to loading conditions. The well-known 
method used to diagnose RVD is TAPSE, the 
vertical motion of the tricuspid valve annulus 
from the base of the RV to the apex during the 
cardiac cycle, because the contraction and 
release phases of the RV occur via longitudinal 
shortening. However, it cannot be used as a prog-
nostic after cardiac surgery as it is affected by 
LV function owing to septal dysfunction or loss 
of pericardial constraint. Furthermore, it is not 
used in patients with cCHDs and multivariable 
evaluation is a more appropriate method for the 
diagnosis of RVD in this group. Measurement of 
pulmonary artery systolic pressure (PASP) is the 
gold standard for PAH diagnosis. The relation-
ship between longitudinal right ventricular fiber 
shortening (i.e., TAPSE) and developed pressure 
(i.e., PASP) may be viewed as a useful clinical 
index of the length/force relationship (TAPSE/
PASP ≥0.36 mm/mmHg); the ratio of the vari-
ables potentially possesses a more discerning 
ability to detect disease severity compared with 
either of the two variables, separately [10]. 
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Strain imagines are increasingly being utilized to 
assess right ventricular function. Free-wall right 
ventricular longitudinal strain best predicts clini-
cal outcomes in patients with RVD referred for 
heart transplantation and in patients with other 
types of PAH [11].

Invasive measurements of cardiac parameters 
by right heart catheterization are often required 
to diagnose the condition, to determine the appro-
priate therapeutic approach, and to observe the 
clinical course in patients with chronic 
RHF. Additionally indications for cardiac cathe-
terization include assessment of PVR, CO, left-
to-right shunt fraction, and pulmonary 
vasoreactivity. Hemodynamic variables obtained 
with right heart catheterization will give more 
details about right heart function because the 
relation between right ventricular pressure and 
right ventricular volume is the gold standard for 
the assessment of right ventricular function and 
the effect of afterload (Table  11.4). Moreover, 
measures of pressure-volume coupling are par-
ticularly attractive because RV–PA coupling can 
quantify systolic and diastolic function regard-
less of loading conditions, and it may help iden-
tify subclinical RHF.

11.5	 �Physiologic Responses 
of the RV Against Pathologic 
Overload

Small acute changes in PVR can impair right 
ventricular contractile performance and decrease 
SV even when preload is maintained, in contrast 
to the LV. The RV can adapt to chronic pathologi-
cal elevation of pulmonary afterload via increased 
contractility, dilatation and hypertrophy, whereas 
clinical RVF is associated with progressive dia-
stolic deterioration and disturbed ventricular–
arterial coupling, despite an increase in 
contractility. Right ventricular adaptation to 
reduce wall stress and improve contractility is a 
complex response and dependent on many fac-
tors. The most important factors appear to be the 
type and severity of myocardial stress and/or 
injury, the time course of the underlying pathol-
ogy, and the time of onset of the pathologic pro-
cess (pediatric or adult groups). Other factors 
include neurohormonal activation (e.g., adrener-
gic and angiotensin pathways), altered gene 
expression, and ventricular remodeling [12]. The 
last important determinants are coronary perfu-
sion and myocardial metabolism, which 

Table 11.3  Echocardiographic measurements for the normal and pathologic RV

Parameter Mean values (min–max) RVD RVF

RV basal diameter (mm) 33 (24–40) 41–45 >45

RV midcavity diameter (mm) 28 (20–35) >35

RV longitudinal diameter (mm) 71 (56–86)

RV subcostal wall thickness (mm) ≥5 <5

RVEDA (cm2) 18 (10–25)

RVESA (cm2) 9 (4–14)

TAPSE (mm) 23 (16–30) 10–15 <10

S′ (cm/s) ≥10 5–10 <5

E/E′ ≤6 7–10 >10

FAC (%) 49 (35–63) <35

RV strain

  Lateral longitudinal strain (%) −26 (−20 to −32) −9 to −20 >−9

  Free wall strain (%) −27 (−24 to −29) −20 to −24 >−20

E/E′ trans-tricuspid filling velocity/early diastolic velocity ratio, FAC fractional area change, RV right ventricle, RVD 
right ventricular dysfunction, RVEDA right ventricular end-diastolic area, RVESA right ventricular end-systolic area, 
RVF right ventricular failure, S peak tissue Doppler systolic velocity in the tricuspid annulus, TAPSE tricuspid annular 
plane systolic excursion
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stimulate or block myocardial apoptotic path-
ways via mitochondrial activity. Adaptive remod-
eling is characterized by more concentric 
remodeling (higher mass-to-volume ratio) and 
preserved systolic and diastolic function (e.g., 
ventricular remodeling observed in patients with 
Eisenmenger syndrome), whereas maladaptive 
remodeling is associated with increased eccentric 
hypertrophy and decreased systolic and diastolic 
functions (e.g., remodeling observed in patients 
with PAH associated with connective tissue dis-
ease or idiopathic PAH) [4].

A simple, but hopefully not too simplistic 
approach to the pathobiology of chronic RVF is 
to distinguish between intrinsic mechanisms and 
extrinsic influences (Fig. 11.3).

Right ventricular afterload is described on a 
pressure-volume loop as the sum of RV systolic 
pressure occurring throughout ejection [13]. By 

LaPlace’s law, RV wall stress is dependent on the 
pressure during ejection and the division of the 
ventricular radius to the free wall thickness. The 
ventricular radius during ejection and wall thick-
ness are relatively small and constant; hence, 
wall stress is generally proportional to the ejec-
tion pressure of the RV (i.e., systolic PAP). 
Pulmonary afterload depends on the amount of 
blood flow ejected by the RV and the pulmonary 
arterial resistance against it (Fig. 11.4). The pri-
mary response of the RV to counterbalance 
increased pulmonary afterload is to strengthen 
contractility, defined as right ventricular end-
systolic elastance (RV-Ees), and to maintain SV 
against the increased pulmonary afterload, which 
is defined as pulmonary arterial elastance (PA-
Ea). When the increase in RV-Ees is less than that 
of PA-Ea, the Ees/Ea ratio (denoting the approxi-
mate SV value) decreases and leads to 

Table 11.4  Normal invasive parameters for normal and pathologic RV

Parameter Normal values RVD RVF

CVP (mmHg) 2–6 ≥16 >18

PCWP (mmHg) 6–12 ≤18 ≤18

CVP/PCWP <1/2 >2/3 >1

s/m/dPAP (mmHg) <30/18/15 ≥50/25

PAPP (sPAP − dPAP) variable
TPG (mmHg) (mPAP − PCWP) ≤12 >12

DPG (mmHg) (dPAP − PCWP) ≤7 >7

RVEDVI (mL/m2) 65 (40–90) >90 >100

RVESVI (mL/m2) 28 (12–45) >45 >60

SV (mL/beat) (RVEDV − RVESV) (CO/HR) 60–100 <50 <40

SVI (mL/m2/beat) (CI/HR) 35–47 <35

CO (L/min) (SV × HR) 4–8 <4 <3.5

CI (L/min/m2) (CO/BSA) 2.5–4 2–2.2 <2

RVEF (%) 57 (45–69) 30–44 <30

PVR (dynes-s/cm5) (<3 Woods) (80 × (TPG/CO)) <250

RVSWI (g/m2/beat) (SVI × (mPAP − RAP) × 0.0136) 5–10 <5 <4.4

0.0136 converts mmHg × L/m2 to g × m/m2 >0.4 0.25–0.40 <0.25

PAPi (PAPP/RAP) >3.5 2–3.5 <2

PACi (mL/mmHg/m2) (SV/PAPP/BSA) >1 0.85–1 <0.85

BSA body surface area, CI cardiac index, CO cardiac output, CVP central venous pressure, HR heart rate, s/m/dPAP 
systolic/mean/diastolic pulmonary artery pressure, PACi pulmonary arterial compliance index, PAPi pulmonary artery 
pulsatility index, PAPP pulmonary artery pulse pressure, PCWP pulmonary capillary wedge pressure, PVR pulmonary 
vascular resistance, RAP right atrial pressure, RV right ventricle, RVEDV right ventricular end-diastolic volume, RVEF 
right ventricular ejection fraction, RVESV right ventricular end-systolic volume, RVSWI right ventricular stroke work 
index, SV stroke volume, SVI stroke volume index, TPG transpulmonary gradient
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ventricular–arterial uncoupling, which is 
regarded as a pathophysiological sign of RVF 
[14]. Increased loading in the early phase of an 
acute pulmonary overload improves right ven-
tricular ejection and avoids right ventricular dila-
tation; however, the RV will immediately 
deteriorate if this increase in loading is not 
treated. In contrast, the Frank–Starling’s mecha-
nism processes the compensation of chronic 
pressure overloading to sustain adequate 

right-sided CO, whereas ventricular dilatation 
develops with time and causes a decrease in Ees/
Ea ratio, leading to increase in wall stress and a 
resultant systolic dysfunction. Reversal of this 
vicious circle improves RV-PA coupling, leading 
to reduction in right ventricular wall stress and 
dilatation. Chronic elevation of pulmonary after-
load also aggravates progressive deterioration of 
diastolic dysfunction represented by increase in 
right atrial pressure. At the beginning, the right 
atrium attemps to compensate for diastolic RVD 
by increasing its own contractility and enlarges to 
serve as a reservoir. Deterioration of right ven-
tricular diastolic function is the main factor 
responsible for the transition from compensated 
RVD to RVF (Fig. 11.5).

The second most important factor influencing 
pulmonary afterload is the relationship between 
resistance and compliance in the lung vascula-
ture, which is different from that in the systemic 
vasculature. In spite of compliance in systemic 
circulation changes independent of resistance, 
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Fig. 11.4  Right ventricular pressure  ×  volume loop. 
Rigth ventricular afterload can be described as the sum of 
RVP throughout ejection (light red line), which is affected 
by RVSV (=RVEDV − RVESV) (light grey bidirectional 
arrow) and pulmonary artery Ea (=RVESP/RVSV) (light 
orange bidirectional arrow). Ea pulmonary arterial elas-
tance, PAP pulmonary artery pressure, PV pulmonary 
valve, RVEDP right ventricular end-diastolic pressure, 
RVEDV right ventricular end-diastolic volume, RVESP 
right ventricular end-systolic pressure, RVESV right ven-
tricular end-systolic volume, RVP right ventricular pres-
sure, RVSV right ventricular stroke volume
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Fig. 11.5  Time-dependent relation between pressure 
overload and right ventricular ejection. CO cardiac out-
put, PAP pulmonary arterial pressure, PVR pulmonary 
vascular resistance
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Capillary dysfunction
Metabolic remodeling
Mitochondrial dysfunction
Inflammation
Autophagy and apoptosis

fibrosis

Right Ventricular Failure Neurohormonal activated cytokines

Increased wall stress/strain

Compensatory RVH

Increased PVR + decreased pulmonary vessel compliance

Inadequate RV remodeling

Extrinsic factors

Fig. 11.3  Intrinsic and extrinsic factors leading to RVF. PVR pulmoınary vascular resistance, RV right ventricle, RVH 
right ventricular hypertrophy
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there is a close inverse hyperbolic relation 
between them during pulmonary circulation, 
which is not significantly effected by changes in 
heart rate. Vascular architecture, which results 
compliance or resistance, is also inverse in sys-
temic and pulmonary circulations: the proximal 
aorta accounts for most of the total arterial com-
pliance, while the distal vessels are responsible 
for most of the resistance. Alternatively, proxi-
mal PA may account for only ∼20% of the total 
arterial compliance, and the distal vessels are 
responsible for most of the resistance and capaci-
tance, because the number of distal arterioles is 
roughly ten times larger in the pulmonary vascu-
lature compared with the systemic vasculature 
(i.e., normal PVR is about 10% of systemic vas-
cular resistance). Pulmonary vascular compli-
ance, which can be calculated easily by the 
division of the right ventricular SV to PA pulse 
pressure, decreases when PVR elevates because 
the RV needs stronger systolic pressure to eject 
blood.

In general, the RV adapts better to volume 
overload than to pressure overload. The RV may 
tolerate volume overload such as in atrial septal 
defect or tricuspid regurgitation (TR) for a long 
time without a significant decrease in right ven-
tricular systolic function. However, pressure 
overload may lead to RVD with or without dilata-
tion along with myocardial ischemia, which may 
further aggravate RVD. Interestingly, the timing 
of onset of pressure overload is a crucial determi-
nant of the right ventricular response, which 
explains why the RV in Eisenmenger patients 
takes much longer to be compensated for when 
compared with patients with acquired 
PHT. Intrinsic myocardial diseases affecting only 
the RV may impair right ventricular contractility 
without pulmonary arterial uploading and can 
play a significant role in the development of RHF.

Chronic pressure overload in pulmonary cir-
culation is the end-stage of many cardiovascular 
and pulmonary diseases, where the RV adapts to 
this increased afterload through multiple com-
pensatory mechanisms. Myocyte hypertrophy 
and the expansion of the extracellular matrix 
result in an increase in chamber thickness. 
According to Laplace’s law, wall stress is directly 

proportional to the right ventricular pressure dur-
ing ejection and the chamber radius, and inversely 
proportional to the chamber thickness. The pri-
mary result of these initial adaptations is to 
reduce wall stress, thus countering the effect of 
the rise in afterload. The result of chronic pres-
sure overloading is concentric hypertrophy, fol-
lowed by reduction in contractility and 
progressive ventricular dilatation. Other causes 
for myocardial dysfunction during chronic pres-
sure overloading are (1) increase in myocardial 
energy demand due to progressive increase in 
right ventricular systolic pressure relative to aor-
tic systolic pressure, resulting in the simultane-
ous reduction of the right coronary perfusion and 
oxygen delivery; (2) a shift in myocardial energy 
production from fatty acid metabolism to glycol-
ysis, causing a reduction in oxidative capacity, 
whereas both the RV and LV myocardium utilize 
free fatty acids for biosynthesis and energy pro-
duction in the normal fasting state; (3) the 
absence of washout of metabolites or electrical 
remodeling in the failing RV, leading to arrhyth-
mias; (4) early failure of right ventricular antioxi-
dant defenses due to nonactivation of antioxidant 
enzymes during the compensation stage of RVD, 
resulting in early myocardial damage compared 
with the LV; and (5) a progressive decline in 
mitochondrial number and mass. This supply-
demand mismatch further compromises right 
ventricular performance and ultimately leads to 
RVF if the PAH remains untreated. Both CO and 
PAPs fall when the contractile reserve of the RV 
is no longer sufficient to maintain an adequate 
SV (Fig. 11.4).

Chronic volume overload of the RV can be tol-
erated for several years before RVD develops 
because of the ability of the thin distensible RV, 
which can adapt to large volume changes without 
significant changes in pressure. Acute volume 
uploading primarily impairs right ventricular dia-
stolic function, whereas the systolic function of 
the RV is preserved. During the chronic phase of 
volume overload, diastolic dysfunction worsens 
with the onset of fibrosis, whereas similar to the 
clinical situation, systolic function at this stage is 
still largely preserved. Myocardial dysfunction 
develops with similar mechanisms during chronic 
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pressure overload. There is a shift away from 
fatty acid metabolism to glycogenolysis similar 
to those developed during left-sided overload. 
The two effects of constant RV dilatation are 
deformation of the tricuspid annulus and septal 
shift. Dilatation of the tricuspid annulus results in 
TR, which can further worsen the volume over-
load of the RV, while septal shift can weaken LV 
filling and adversely affect LV functions. Lastly, 
prolonged volume overload may induce an 
increase in PAPs due to the increase in flow 
through the pulmonary circuit. The development 
of PAH is often a trigger for the decompensation 
of the chronic volume overloaded state, as the 
dilated RV lacks the compensatory mechanisms 
to augment its contractility in the setting of an 
increased afterload.

11.6	 �Pathologic Changes During 
Chronic RVF

The response of both ventricles to afterload 
increase is similar in acute situations and includes 
contraction enhancement, preload elevation (i.e., 
increase in ventricular filling volume), and stimu-
lation of vascular resistance reducing biomark-
ers. On the contrary, during chronic afterload 
increase, both ventricles also exhibit similar 
alterations in genes regulating the extracellular 
matrix and cytoskeletal remodeling; however, 
there are important differences in genes regulat-
ing energy production, mitochondrial function, 
reactive oxygen species production and antioxi-
dant protection, and angiogenesis [15].

11.6.1	 �Cardiac Hypertrophy

The RV that suffers from a chronically elevated 
afterload initially undergoes myocardial strength-
ening via myocardial hypertrophy in order to 
successfully adapt to the increase in wall stress 
and strain. This compensation mechanism of the 
RV against pressure overloading comprises an 
increase in RV free wall thickness via accumula-
tion of muscle mass and modification to a more 
rounded shape. There are several differences in 

metabolism, mitochondrial remodeling, and 
glycolysis-to-glucose oxidation coupling 
between both ventricles during the process of 
adapting to the increase in afterload. The hyper-
trophic response of cardiomyocytes to pathologi-
cal conditions leads to changes at the 
transcriptional level, such as an increase in pro-
tein synthesis, the number of sarcomeres, and the 
size of the myocytes. Particularly, new protein 
synthesis, turnover, and lysis are very important 
during this transition phase, which is directly 
enhanced by autocrine, paracrine, and neurohu-
moral influences.

The mechanism of transition from compen-
sated hypertrophy to failure appears to be, funda-
mentally, a matter of balance between cell 
survival and death. During cardiac hypertrophy, a 
mismatch between the numbers of capillaries and 
the size of the cardiomyocytes (chronic oxygen 
demand-supply mismatch) can result in myocar-
dial hypoxia, contractile dysfunction, and apop-
tosis. In contrast, the coronary perfusion can 
primarily occur during diastole in patients with 
RVF, secondary to pulmonary afterload while 
coronary perfusion is present throughout the car-
diac cycle in the unstressed RV. At present, it is 
not known as to whether the microvessels in RVH 
dissapear or whether angiogenesis matches the 
degree of hypertrophy. If the RVH in PAH is ini-
tially compensatory, then factors promoting 
growth and preserving the integrity of the 
microvessels try to balance the increased blood 
flow caused by cardiomyocyte hypertrophy. In 
contrast, capillary density decreases in the 
decompensated RVH cases, rendering the 
stressed RV more susceptible to microischemic 
injury, even at the onset of pressure overload.

Energy utilization shift from fatty acid oxida-
tion to glucose and lactate, and then from com-
plete glucose oxidation via the Krebs cycle to 
glycolysis only is observed in pressure-loaded 
RV, which results in increased expression of 
glycolysis-related genes, and acts as an adaptive 
mechanism against decreased blood flow 
(decreased oxygenation). While this shift is ben-
eficial during acute overloading, chronic depen-
dence on glycolysis for energy production is not 
sufficient to meet the demands of the myocardium 
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and to maintain normal function, leading to an 
energy-starved state and contributing to heart fail-
ure [16]. As a power storage of cardiomyocytes, 
mitochondrial activity increases some processes 
such as the formation of oxygen radicals, induc-
tion of apoptosis, and inflammation to regulate 
increased oxidative stress, which triggers the pro-
duction of oxygen radicals. Pressure load stimu-
lates apoptosis due to mechanic damage, oxidative 
stress, and neurohumoral signaling, which con-
tributes to heart failure even at mildly increased 
rates. Impaired proteins and organelles, if not 
removed from the cells by autophagy, accumulate 
and become toxic or trigger apoptotic death.

In response to increased afterload, the RV 
reverts to a fetal gene pattern, re-expressing 
genes normally expressed in the fetal but not 
postnatal RV, which includes a shift from α- to 
β-myosin and an increase in adrenergic receptors, 
calcineurin activation, and phosphodiesterase 
type-5 expression [17]. This adaptive phenotype 
provides a lower energetic cost profile to the fail-
ing myocardium, as α-myosin heavy chains are 
usually involved in stronger and faster contrac-
tions, whereas ß-myosin heavy chains account 
for lower contractile potential [18]. Because 
α-myosin requires larger amounts of adenosine 
triphosphate, a decrease in α-myosin and an 
increase in ß-myosin may prevent ischemic cas-
cade due to the energy-sparing profile, as appro-
priate glycolysis. In the failing RV, the gene 
expression pattern (RV failure gene expression 
program) is characterized by a depressed cell 
growth pattern, along with increased proteolysis 
and apoptosis, a shift from cell growth to cell 
death. Cardiac autophagy can be a maladaptive 
response to chronic hemodynamic stress and a 
hallmark of myocardial hibernation. Inhibition of 
autophagy during the development of hypertro-
phy may be harmful, but may prove useful when 
the autophagy becomes maladaptive and plays a 
role in the progression of heart failure.

11.6.2	 �Cardiac Fibrosis

The next step of transition from compensated 
RVD to collapse of the RV is adverse 

remodelling of the extracellular matrix, which is 
characterized by an increase in myocardial fibro-
sis. There appears to be a syncytial relationship 
among cardiomyocytes, fibroblasts, and the car-
diac matrix. The normal heart muscle contains 
about 50% fibroblasts, which are essential for the 
adaptive response of the heart to pressure over-
load. Right ventricular fibrosis develops after the 
increase in right ventricular mass. Cardiac fibro-
sis is a hallmark of maladaptive hypertrophy and 
is characterized by increased deposition of the 
fibrillary collagens type I and III [19]. Collagen 
synthesis increases when wall stress enhance-
ment begins, and rate of collagen production 
remains higher than that in the normal RV owing 
to decrease in the degradation process. 
Upregulation of the activities of specific genes 
such as transforming growth factor (TGF)-β1, 
connective tissue growth factor, and endothelin-
1, results in myocardial fibrosis, while the upreg-
ulation of matrix metalloproteinases leads to 
extracellular matrix degeneration; these pro-
cesses are linked in a complex fashion and will 
adversely affect the myocardial systolic and dia-
stolic functions [20]. Increased collagen content 
in the heart (fibrosis) is tightly linked to TGF-β1. 
Fibrosis may impair the electrical coupling 
between cardiomyocytes and can reduce capil-
lary density, thereby influencing myocyte metab-
olism. Endothelial cell–mesenchymal transition 
(EMT) is another mechanism by which cardiac 
fibrosis may occur. Although EMT is an embry-
onic mechanism and is inactive in adults, hypoxia, 
injury, inflammation, or aging can sitmulate this 
process, and it has been shown that the fibroblasts 
formed in fibrotic lesions in the heart may be of 
endothelial origin [21].

11.6.3	 �Intrinsic Myocardial Disease

A few cardiomyopathies are characterized by the 
replacement of the ventricular myocardium with 
non-contractile tissues, as seen in an arrhythmo-
genic RV. It may present with focal RVD at the 
sites of involvement and ultimately progress to 
dilatation and global RVF.  The typical clinical 
presentation is ventricular arrhythmias, whereas 
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congestive symptoms develop late during the 
course of the pathology. Therefore, most patients 
with RVD can be present without any significant 
symptoms for decades due to the continuance of 
a normal PVR. However, when the PVR is raised, 
it is associated with rapid cardiac decompensa-
tion suggesting that the progression of RVD to 
RVF may require the presence of an additional 
stressor, such as PAH.

11.7	 �Chronic Non-Cardiac Organ 
Dysfunctions

Heart failure leads several pathological changes 
involve not only the cardiovascular system, but 
also the hepatic, renal, neuroendocrinological, 
immunological, musculoskeletal, hematologic, 
gastrointestinal systems, and nutritional status. 
Advanced HF is often characterized by an increas-
ing inability to meet the metabolic requirements of 
end organs or skeletal muscle. Currently, studies 
are being carried out in order to clarify the patho-
physiology of the systemic complications related 
to heart failure and to propose treatments that 
improve quality of life and increase survival. All 
these chronic adverse progresses should be treated 
medically and/or mechanically (e.g., right ventric-
ular assist devices) before heart, lung or heart-lung 
transplantation. The worst cituation is anasarca 
edema, which is characterized with gode dropping 
tissue edema on the upper legs and whole abdo-
men, and it is the most sensitive indicator for 
adverse prognosis and also the most serious risk 
factor for surgery (e.g., heart transplantation or 
mechanical assist device implantation). The opti-
mal strategy to solve the anasarca edema should be 
aggressive medical treatment with or without 
ultrafiltration (or directly dialysis) and/or right 
ventricular bypass (see Chap. 53).

11.7.1	 �Congestive Hepatopathy 
(Cardiohepatic Syndrome; 
Cardiac Cirrhosis)

Hepatic pathologies secondary to cardiac decom-
pansations develop step by step due to the 

following underlying reasons: chronic passive 
congestion, centrcilobular necrosis, and cardiac 
cirrhosis. Chronic congestion is usually a conse-
quence of right-sided HF, whereas centrcilobular 
necrosis is generally caused due to severe hypo-
tension or shock. Cardiac cirrhosis includes a 
wide spectrum of hepatic disorders developed 
secondary to passive hepatic congestion due to 
RHF, without an intrinsic hepatic pathology. 
Right-sided cardiac pathology can generate right-
sided LCOS with elevated CVP, which reflects in 
the hepatic sinusoid and increases intrahepatic 
venous pressure. Venous congestion caused by 
RHF can induce a transient increase in liver stiff-
ness, which is assessed by elastography, and can 
mislead the diagnosis of liver cirrhosis. 
Congestive hepatopathy is the chronic course of a 
chronic RHF and is characterized by sinusoidal 
dilatation resulting in hypoperfusion, edema, and 
hypoxia. These adverse alterations impair hepa-
tocytes with accompanied hemorrhagic injury 
resulting in modification of the hepatocyte archi-
tecture, atrophy with associated collagen deposi-
tion, and fibrosis in the hepatic veins and 
sinusoids. Severe extended hepatic congestion 
can eventually lead to the development of cardiac 
cirrhosis, which histologically, in the early stages 
of the disease process, shows a distinguishing 
reverse lobulation pattern in which fibrous septa 
form bridges between the central veins. In long-
prolonged or severe cases, the cell loss and col-
lapse of normal architecture might diffuse to 
incorporate some portal tracts. However, the 
presence of portal inflammatory cells or bile 
ductular proliferation is rare, which helps distin-
guish a cardiac etiology from others more com-
monly encountered in adults.

Advanced RHF may present with liver-related 
symptoms including abdominal distention, inter-
mittent right upper quadrant discomfort, nausea, 
early satiety, or anorexia [22]. Symptoms are dif-
ficult to distinguish from primary hepatobiliary 
or gastrointestinal conditions such as cholelithia-
sis, peptic ulcer disease, or even ischemic colitis. 
Acute cardiogenic liver injury or ischemic hepa-
titis is related to elevated right-sided or venous 
filling pressures, whereas between 40 and 70% of 
these patients have the underlying diagnosis of 
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chronic RHF.  Because patients remain asymp-
tomatic for a long period, the clinical appearance 
is evident only after a marked elevation in serum 
hepatocyte markers such as serum alanine amino-
transferase (ALT), aspartate aminotransferase, 
and lactic dehydrogenase (LDH) levels to 10–20 
times normal, and γ-glutamyl-transpeptidase 
along with the prolongation of coagulation period 
(thrombin and prothrombin time) [23]. A ratio of 
serum ALT to LDH <1.5 early in the course of 
liver injury is characteristic of cardiogenic injury 
as opposed to other etiologies of hepatitis. 
Hyperbilirubinemia and hypoalbuminemia are 
accurate diagnostic biomarkers showing severe 
hepatic insufficiency, whereas hepatomegaly and 
ascites confirm the diagnosis of cardiac cirrhosis. 
The ascites fluid typically reveals a high protein 
content (>2.5 g/dl), which is associated with rup-
ture of the hepatic lymphatics and leakage of 
protein-rich fluid. A serum to ascites albumin 
gradient >1.1 reflects portal hypertension (i.e., 
irreversible cardiac cirrhosis). Total bilirubin, an 
independent predictor of adverse prognosis, has 
potentially become an important risk factor of 
chronic RHF [24]. A bleeding diathesis from 
acquired coagulopathy may also develop due to 
impaired production of coagulation factors. 
These abnormalities peak at 1–3 days after onset 
of symptoms and, in patients who survive, return 
to normal within 5–10 days after onset.

There are some clinical characteristics and 
laboratory tests that can help in distingushing 
cardiac-related liver disease from primary dis-
eases of the liver. Measurement of the diameter 
of the IVC might be the best marker for severe 
venous congestion due to its low interobserver 
variation. Therefore, evaluation of the IVC diam-
eter may provide supportive information as with 
measurements of plasma concentrations of bio-
markers in outpatients with chronic HF [25].

11.7.2	 �Congestive Nephropathy

Chronic kidney disease can be observed in up to 
60% of patients with advanced RHF [26]. 
Cardiorenal syndrome (CRS) is defined as a 
complex pathophysiological disorder of the heart 

and kidneys in which acute or chronic dysfunc-
tion in one organ may induce acute or chronic 
dysfunction in the other. CRS type 2 (CRS2) is 
characterized by chronic abnormalities in cardiac 
function leading to kidney injury or dysfunction. 
A low cardiac index (CI) seems to develop in par-
allel with renal impairment, cirrhosis, and ascites 
and may play an important role during this stage 
of the disease. One of the principle roles of a 
properly functioning cardiorenal axis is the main-
tenance of extracellular fluid volume homeosta-
sis. A complex system of volume and pressure 
sensors, afferent and efferent feedback loops, 
local and distant vasoactive substances and neu-
rohormonal systems with built-in redundancies 
serves to continuously monitor and adapt to 
changing extracellular fluid volume and blood 
pressure. When such systems are intact and 
working properly, they respond rapidly to the 
ever-changing hemodynamics and volume status, 
and ensure adequate tissue perfusion and oxygen 
delivery.

Impaired renal function is common and is one 
of the most powerful determinants of outcome in 
chronic RHF that causes worsening of renal func-
tion due to increased CVP and/or intraabdominal 
pressure (IAP) generated by severe ascites. This 
increase in venous pressure causes worsening of 
the kidney function, where tubular damage plays 
a major role and simultaneously constitutes a 
stimulus for peripheral synthesis and the release 
of inflammatory mediators [27]. Normal IAP 
measurements in healthy adults are between 5 
and 7 mmHg, whereas a small increases in IAP, 
in the range of 8–12 mmHg, is associated with 
impaired renal function. In critically ill patients, 
IAP >12 mmHg is a common cause of organ dys-
function [28]. Persistance of significant reduction 
in glomerular plasma flow together with elevated 
intra-glomerular filtration pressure (i.e., efferent 
arteriolar constriction) produces focal and seg-
mental glomerulosclerosis. On the contrary, 
chronic RHF associated with LCOS results in 
renal ischemia, which is the dominant factor for 
decrease in glomerular filtration.

Experimental and clinical data indicate that 
CRS2 is characterized by mild-to-moderate pro-
teinuria, a progressive decline in glomerular 
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filtration rate, and an elevated expression of renal 
injury biomarkers. Important pathophysiological 
triggers of renal disease progression include 
chronic increases in renal venous pressure, mal-
adaptive activation of the renin-angiotensin-
aldosterone axis and the sympathetic nervous 
system, as well as a chronic inflammatory state. 
Intrarenal oxidative stress and proinflammatory 
signaling precipitate structural injury, including 
glomerulosclerosis and tubulointerstitial fibrosis. 
With increase in the level of aldosterone in the 
kidney due to impairment of the renin-
angiotensin-aldosterone axis, pronounced oxida-
tive stress occurs via signaling from the paracrine 
glycoprotein galectin-3. Pro-fibrotic cytokine 
TGF-β is upregulated followed by an increase in 
fibronectin, leading to renal fibrosis and glomeru-
losclerosis. Furthermore, venous congestion may 
increase the gut absorption of endotoxin leading 
to additional inflammatory responses, while 
venous congestion itself acts as a stimulus for 
peripheral synthesis and release of inflammatory 
mediators.

A similar cardio-renal relation is seen in 
patients with HF, along with the co-existence of 
cardiac and renal failure that amplify the pro-
gression of failure of the individual organs; the 
key physiological factor in this case is arterial 
underfilling. It may induce or amplify distur-
bances in cardio-renal homeostasis and neurohu-
moral integrity, which is caused due to arterial 
vasodilation and a decrease in CI (relative or 
absolute). Albumin expands central blood vol-
ume and increases both CI and mean arterial 
pressure; hence, amelioration of arterial under-
filling can prevent the development of hepato-
renal syndrome.

11.7.3	 �Anasarca Edema

Variable spectrum of fluid retention ranging from 
acute pulmonary oedema to chronic peripheral 
edema can be encountered in patients with 
LHF. On the contrary, patients with RHF, acute 
and/or chronic fluid retention is the main prob-
lem causing peripheral or generalized edema. 
Generalized edema, otherwise known as 

anasarca, is a common presentation in various 
conditions including liver, and/or renal disease or 
malnutritional. Additionally, congestive RHF 
may lead itself to hepato-renal impairment, 
resulting in generalized edema. The mechanisms 
of generalized edema contain decreased plasma 
oncotic pressure due to reduction of plasma pro-
tein, increased hydrostatic pressure leading more 
water outwards to the interstitium, obstruction of 
lymphatic flow due to congestion, and increased 
vessel permeability with mediators causing 
decrease of plasma proteins in circulation. Fluid 
is primarily extravasated to peripheral tissues and 
abdominal viscera; however, anasarca is charac-
terized by a puffiness of the face (most noticeable 
in the periorbital area) and the persistence of an 
indentation over the medial aspect of the ankle 
following the application of pressure. Patients 
with anasarca present with complaints of feeding 
difficulties (in pediatric patients), excessive 
sweating, failure to thrive, respiratory distress, 
and cyanosis. They may also have a history of 
orthopnea, dyspnea, and syncopal symptoms. 
Furthermore, the following signs may also be 
present: nontender peripheral pitting edema (dig-
ital pressure leaves visible and palpable imprints, 
sometimes quite deep) in the feet and ankles; an 
enlarged and sometimes pulsatile liver palpable 
below the right costal margin; abdominal swell-
ing and ascites; and visible elevation of the jugu-
lar venous pressure, sometimes with large a or v 
waves that are visible even when the patient is 
seated or standing.

11.7.4	 �Cardiac Cachexia

It needs to be acknowledged that cachexia is rep-
resenting a major burden for patients and the 
healthcare system. Heart failure was recorded for 
19% of cachexia admissions and was the third 
most common chronic comorbidity (Table 11.5) 
[29]. The heart-failure induced cachexia is 
defined as non-edematous wight loss of 6% of the 
usual body weight in the last 6  months, in the 
absence of other diseases such as neoplasias, 
infection or hypothyroidism. Cachexia is an 
important predictive factor in the reduction of 
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survival in heart failure, independent from impor-
tant variables such as age, functional status, ejec-
tion fraction and capacity to perform physical 
activity. However, it is often difficult to diagnose 
cachexia in heart failure patients, since edema, 
especially anasarca, impairs body weight evalua-
tion and other anthropometric measures. 
Cachexia is mainly the result of an imbalance in 
the homeostasis of muscle protein synthesis and 
degradation due to a lower activity of protein 
synthesis pathways and an over-activation of pro-
tein degradation, where the overall net catabolic 
outcome is systemic tissue wasting (e.g., skeletal 
muscle, bone, and fat compartments) [30]. The 
pathophysiology of cardiac cachexia is complex 
and multifactorial including several factors inter-
acting in a complex system with immune, meta-
bolic, and neurohormonal consequences. The key 
points are global anabolic blunting and insulin 
resistance and catabolic overactivity. Besides 
anorexia, other factors may lead to the reduction 
of food ingestion, such as early fullness due to 
significant hepatomegaly, reduced energy inges-
tion due to low lipid ingestion, and dyspnea at 
rest. On the other hand, reduced food consump-
tion can be secondary to anorexia and various 
factors, such as tasteless diets, particularly due to 
the low sodium content, intestinal hypomotality 
and passive visceral congestion [31].

�Conclusion

Chronic RHF is growing and repressing iso-
lated LHF and has become more serious pub-
lic health problem than it, especially after 
LVAD. Severe RHF leads life-threatening sev-
eral pathological changes involve not only the 
cardiovascular system, but also the hepatic, 
renal, neuroendocrinological, immunological, 
musculoskeletal, hematologic, gastrointesti-
nal systems, and nutritional status. Therefore, 
RHF should always be kept in mind as com-
pared to LHF and it would be more appropri-
ate to delay further treatment protocols unless 
controlled by severe and aggressive medical 
therapy. Particularly, since anazarca edema is 
pointing to severe multiorganic deterioration, 
heart transplantation should be postponed 
after it has been treated.
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Systemic Consequences of Right 
Ventricular Failure

Vlad Damian Vintilă and Ana-Maria Vintilă

Abstract

Right ventricular failure can occur as an acute 
or chronic dysfunction. It can occur during an 
acute pathology of the right heart (for exam-
ple, inferior acute myocardial infarction with 
right ventricle involvement) or of the lungs 
(for example massive venous thromboembo-
lism). It can also arise in a chronic situation as 
a secondary dysfunction of the lungs or of the 
heart (for example pulmonary hypertension, 
pulmonary infiltrative diseases or pulmonary 
stenosis). There are multiple organ dysfunc-
tions involved in heart failure. It is difficult to 
separate right ventricle for left ventricle dys-
function since there is an interventricular 
mechanism of loading, pressure and contrac-
tion. Quantitation of the degree of heart failure 
is difficult since the most frequent biomarkers 
have altered clearance in right heart failure.

Keywords

Systemic disorder · Interventricular coupling  
Organ failure · Biomarkers

12.1	 �Etiology. Acute Versus 
Chronic Decompensation

The etiology of the right ventricle (RV) failure is 
variate and apart from the acuteness of the dis-
ease it can be split into cardiac causes and extra-
cardiac causes [1, 2]:

Cardiac causes

	1.	 Isolated right ventricle myocardial infarction
	2.	 Right ventricle involvement in left sided myo-

cardial infarction
	3.	 Mitral valve disease with secondary pulmo-

nary hypertension
	4.	 Congenital septal defects and other congenital 

conditions
	5.	 Isolated infiltrative myocardial disease
	6.	 Hypereosinophilic syndrome

Extracardiac causes

	 7.	 Chronic Obstructive Pulmonary Disease 
(COPD) and Chronic Bronchitis

	 8.	 Acute respiratory distress syndrome (ARDS)
	 9.	 Acute Pulmonary Hypertension (primary and 

secondary)
	10.	 Acute overload in perioperative situations
	11.	 Massive Pulmonary Embolus
	12.	 Recurrent Thromboembolism
	13.	 Obstructive Sleep Apnea
	14.	 Morbid Obesity
	15.	 Important resection of lung tissue
	16.	 Primary pulmonary infiltrative disease
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RV failure can develop as a spontaneous con-
dition or can arise during an invasive or surgical 
maneuver and in such cases the pathological dis-
turbance can determine or promote acute right 
heart failure decompensation. These conditions 
are summarized below [3]:

	1.	 Acute pulmonary embolus/air embolus/fat 
embolus

	2.	 Hypoxemia
	3.	 Hypercarbia which might increase pulmonary 

vascular resistance
	4.	 Elevated positive-end-expiratory-pressure 

(PEEP) which decrease preload and influence 
cardiac output

	5.	 Volume overload which may generate func-
tional tricuspid regurgitation

The acute decompensation of the right ventri-
cle usually determines various degrees of hypo-
tension, while the chronic decompensation 
generates a wider systemic response with lung, 
hepatic, renal involvement as well as inflamma-
tory response [4] with pro-inflammatory 
response, activation of TNF-ά (tumor necrosis 
factor ά) and decrease in myocardial 
contractility.

12.2	 �Physiology of the Right 
Heart Function

To consider RV a simple conduit is by far a 
medical misjudgment. There are two main 
functions for right ventricle [5]: first it is a res-
ervoir, providing adequate pulmonary pressure 
and pulmonary blood flow to maintain a con-
tinuous gas exchange at the membrane level of 
the lungs and secondly, it allows a low pressure 
into the lungs and by thus prevents organ dam-
age (Fig. 12.1).

Being a volume reservoir, right ventricle 
function is susceptible to variation in both pre-
load and afterload. It is also influenced by the 

function of left ventricle (LV), being well 
established an interventricular coupling mech-
anism [6].

The passive filling of the ventricle during 
atrial systole represents the preload. It can be 
physiologically enhanced during intense muscle 
activity or it can reflect a pathological condition 
such as increased venous return (for example 
shunts). Decreased filling can occur in physiolog-
ical conditions such as low gravity or dehydra-
tion with volume underload and in various 
pathological conditions.

There are differences between contraction of 
LV and RV. In 1975 Curtiss described the differ-
ence in shape of the two pressure curves, the right 
ventricle presenting a pressure curve without a 
plateau, with a continuous ejection of the blood 
into the lungs event at the beginning of relaxation 
(Fig. 12.2).

This type of ejection allows a low-pressure 
ejection without high oxygen consumption. The 
downgrade of this model is the rapid influence of 
the increased lung vascular resistance and of the 
left ventricle due to the difference in pressure 
between the two chambers.

Due to the low workload of the right ventricle, 
the right myocardium is thin. The special curve 
shape of the right ventricle which wraps around 
the left ventricle allows the usage of left ventricu-
lar contraction for blood expulsion from the right 
ventricle. It has been continuously studied and a 
special model of the successive layers of myocar-
dial fibers has been developed [7, 8]. For a com-
plete picture of the normal function of the right 
heart see also Chap. 3.

Right ventricle

Volume variation Pressure variation

Normal = high volume Normal = low pressure

Fig. 12.1  Right ventricle essential functions
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12.3	 �Pathophysiology 
of the Right Heart

Because of the relatively weak myocardial con-
traction within the right heart any changes in the 
blood volume or pressure caused by a left heart 
condition or a lung condition is immediately 
transferred into the right heart function, first to 
the right ventricle and immediately after into the 
right atrium. A change in volume load and/or 
pressure load into the right heart generates a sys-
temic venous response [9].

In case of acute right heart decompensation 
due to the lack of compliance of both right ven-
tricle and right atrium, the systemic venous 
response is immediate. It is the case for acute 
liver decompensation in acute exacerbation of 
right heart failure with increased blood levels of 
hepatic enzymes.

In case of a chronic decompensation, the 
mechanism is more complex [2]. The initial 

volume overload generates tricuspid annular dis-
tension while right ventricle pressure overload 
generates right free wall hypertrophy. Over time 
this generates changes of the form of the RV from 
the curvilinear shape towards oval shape [10]. As 
consequence, the tricuspid valve is tethered, and 
the tricuspid annulus is distorted. All these gener-
ate tricuspid regurgitation. Because of the peri-
cardial fix dimensions, the pressure increases in 
the right heart and the interventricular septum is 
bounced toward the left side (Fig.  12.3). This 
movement diminishes the left ventricular load 
which consequently increases the pulmonary 
afterload with immediate response onto the right 
heart volume and pressure load and further 
decompensation [1, 11]. There is similar cardiac 
output for RV and LV, but with different pres-
sures (Fig. 12.4). When pressure curves are plot-
ted, there is a shift towards lower left when RV is 
compared with LV pressure. During RV decom-
pensation, the diastolic pressure rises and this 

a b

Fig. 12.2  Difference in pressure curves for normal left 
(LV) and right ventricles (RV). Adapted from Curtiss EI, 
Matthews RG, Shaver JA. Mechanism of normal splitting 

of the second heart sound. Circulation. 1975 
Jan;51(1):157–64
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RV volume overload

Change in RV shape

Tricuspid annular distortion
and

tricuspid regurgitation

RV free wall hypertrophy

Pericardium fix dimensions
lncrease in pericardial pressure
Left bouncing of the IVS

LV decreased loading

Pulmonary volume overload

Pulmonary pressure overloadRV pressure afterload increasedRV further decompensation

Systemic venous response

fibrosis

inflammation

RV pressure overload

Fig. 12.3  Pathological mechanisms in chronic right ventricle failure. RV right ventricle, LV left ventricle, IVS interven-
tricular septum

increases the oxygen consumption of the myo-
cytes [9, 12] (Fig. 12.5).

Congestion plays an important role in decreas-
ing the quality of life, but this is doubled by a 
prognostic role. There are series of patients in 
which congestion by itself (univariate analysis) 
increases the risk of total death by 50% [13]. It is 
a continuous balance between forward and back-
ward cardiac dysfunction.

In case of intrinsic heart disease, inflammation 
is less involved. When the RV failure occurs due 
to a chronic pathology of the lungs, inflammation 
plays an important role. In obstructive sleep 
apnea, both intermittent hypoxia and hypercap-
nia rise the oxidative stress which is part of the 
onset of a high inflammatory status [4, 14]. There 
is secondary stimulation of fibrotic process. This 
applies not only for the lungs, but for other organs 
as well (Fig. 12.6).

12.4	 �Systemic Determinations 
of Right Heart Failure

It is of great importance to evaluate each impor-
tant organ which might be affected in the decom-
pensating organism. We will discuss the 
gastrointestinal involvement, the renal decom-
pensation, the brain, and the bone marrow 
(Fig. 12.7).

Apart from the inflammation mechanism, sta-
sis can play an important role in development of 
systemic consequences in case of right ventricle 
failure. There is a higher incidence of strokes in 
people suffering of chronic obstructive pulmo-
nary disease (COPD) [15].

RV

Failing RV

2

6
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Atrial Pressure

C
ar
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tp
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t LV

Fig. 12.4  Cardiac output and pressures (reprint with per-
mission from Hrymak C, Strumpher J, Jacobsohn E Acute 
Right Ventricle Failure in the Intensive Care Unit: 
Assessment and Management. Can J Cardiol. 2017 
Jan;33(1):61–71. doi: 10.1016/j.cjca.2016.10.030)
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Fig. 12.5  Pressure 
curves in right (RV) and 
left ventricles (LV).  
(a, b) Normal function, 
(c) mild RV dysfunction, 
(d) Severe RV 
dysfunction (reprint with 
permission from 
Hrymak C, Strumpher J, 
Jacobsohn E. Acute 
Right Ventricle Failure 
in the Intensive Care 
Unit: Assessment and 
Management. Can J 
Cardiol. 2017 
Jan;33(1):61–71. doi: 
10.1016/j.
cjca.2016.10.030)

Pulmonary and/or
myocardial microthrombi

Pulmonary thromboemboli

Mechanical ventilation

Ischemia/arrhythmias

Hypoxic pulmonary
vasoconstriction

Capillary leak/
hypovolemia

Endothelial dysfunction

TNF, IL-1β
IL-6

endotoxin

LV dysfunction

RV
DYSFUNCTION

↓ NO
↓ PGI2

↓ O2

↑ ET-1

Fig. 12.6  Mechanisms of RV Dysfunction in Critically 
Ill Patients (reprint with permission from Lahm T, 
McCaslin CA, Wozniak TC, Ghumman W, Fadl YY, 
Obeidat OS, Schwab K, Meldrum DR. Medical and surgi-

cal treatment of acute right ventricular failure. J Am Coll 
Cardiol. 2010 Oct 26;56(18):1435–46. doi: 10.1016/j.
jacc.2010.05.046
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Hepatic cytolysis in acute heart failure setting 
is a common finding. Two potential mechanism 
are involved. The first one is hepatic ischemia 
due to decrease in blood pressure. The second 
one is retrograde stasis in the liver and this can 
explain less acute changes in the hepatic func-
tion driven by irritative mechanism and fibrosis. 
This second mechanism is more often involved 
in liver decompensation in chronic heart failure 
[16]. The increase in venous pressure in RV dys-
function leads to the atrophy of hepatocytes and 
perisinusoidal edema. This impairs the oxygen 
and nutrients diffusion to the hepatocytes [17]. 
It also determines enhanced hepatic lymph for-
mation, leading to ascites. Moreover, increased 
pressure within the hepatic sinusoid favors bile 
duct damage by disrupting endothelial cells 
and the interhepatocytic tight junctions which 
delineates the extravascular space from the 
bile canaliculus. Finally, stagnant flow causes 
thrombosis within sinusoids, hepatic venules, 
and portal ducts. This recurrent process deter-
mines liver fibrosis [18–20]. The most frequent 
changes on microscopy examination in cases of 
hepatic venous hypertension are the prominence 
of central veins, central vein hemorrhage, and 
sinusoidal engorgement [21]. In cases of for-
ward LV heart failure with low blood pressure, 
ischemic liver injury might be present and the 
morpho-pathological aspect is fully different. 

It is characterized by centrolobular necrosis of 
the hepatocytes in the absence of histological 
evidence of inflammation characteristic of viral 
hepatitis [22–24] (Table 12.1).

The cardio-renal syndrome is most often 
described in heart failure with reduced LV ejec-
tion fraction (LVEF) and decreased blood flow 
in the periphery. It is characterized by profound 
alteration of both liver and kidney function and 
implies active cardiac support management. In 
case of RV failure, the decrease in blood flow 
in the peripheral organs is less important, the 
principal patho-physiological feature being a 
raised central venous pressure. The changes 
in organ function are thus less impressive, but 
might be persistent towards multiorgan failure. 
The presence of cardio-renal syndrome in RV 
failure is less frequent [25], but in cases with 
high central venous pressure renal congestion 
is promoted. A powerful direct correlation 
between change in renal venous pressure and 
reduction in urine flow has been demonstrated. 
The kidney blood flow is predominantly 
reduced by an increase in venous pressure than 
by an equivalent decrease in arterial pressure 
[26]. These changes occur independently of the 
decrease in cardiac output and/or mean arterial 
pressure. These pathological changes occur 
later on the pathway of heart failure [27, 28] 
(Fig. 12.8).

Congestion ± HypoperfusionFig. 12.7  Various 
organs damaged during 
right heart 
decompensation
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There are series of patients with renal failure 
with/without RV failure. In the group of patients 
in whom the renal function improved under treat-
ment, right ventricular dysfunction was more 
prominent. In the group that had worse renal 
function, the least decrease appeared in those 
patients without RV dysfunction [29]. This might 
seem an apparent paradox. It can be explained 
through a decrease of RV filling pressure during 
treatment of HF which increases the glomerular 
filtration rate (GFR). Two mechanisms are 
involved, a decrease of renal venous pressure and 
a decrease of LV filling through the interdepen-
dent ventricular function. This second mecha-
nism leads to secondary decrease of arterial renal 
pressure, a compensatory useful process in this 
phase of the disease.

HF generates pathological changes of the 
bowel. RV failure generates congestion which in 
turn might lead to increased permeability of 
intestinal wall for pro-inflammatory endotoxin. 
This can cause also malabsorption/maldigestion. 
Another potential mechanism might be venous 
thrombosis in the splanchnic vessels.

The bone marrow is altered in RV failure [30]. 
Cultures of isolated CD34(+) haematopoietic 
progenitor cells were exposed to increasing doses 
of erythropoietin (EPO) and/or myeloid growth 
factors. The CD34(+) cells from CHF patients 
produced a twofold lower number of erythrocytes 
precursor colonies compared with controls. The 
resistance to EPO was associated with markedly 
increased apoptosis during erythroid differentia-
tion in CHF patients. In the myeloid cultures, the 

Table 12.1  Comparison between acute and chronic hepatic changes in heart failure

Chronic congestive hepatopathy Acute ischemic hepatitis

Aetiology Chronic heart failure Acute heart failure

Pathophysiology Perisinusoidal edema Tissue hypoxia

Increased lymph flow Zone 3 necrosis

Zone 3: alternating necrosis and 
hemorrhage

Sinusoidal thrombosis

Manifestations Right hypochondrial pain Asymptomatic or nonspecific

Edema, ascites, jaundice nausea, vomiting, jaundice, right hypochondrial 
pain

Laboratory data

Bilirubin Mild increase Marked elevation

ALT and AST Normal mild elevation Marked elevation

LDH Normal or mild elevation Marked elevation

ALT/LDH <1.5

Prothrombin 
time

Prolonged Normal/prolonged

ALP Normal/mild elevation Increased

Albumin Hypoalbuminemia Normal

Treatment ACE inhibitors Oxygen therapy

b-blockers Avoid precipitating factors

Diuretic Inotropic agents with caution

Amiodarone Vasopressor with caution

Statins with caution Diuretics in hypervolemia

Prognosis Slowly progressive course Benign and usually self-limited

Modified from Fouad YM, Yehia R. Hepato-cardiac disorders. World J Hepatol. 2014 Jan 27;6(1):41–54. doi: 10.4254/
wjh.v6.i1.41. This is an Open Access article. Copyright ©2014 Baishideng Publishing Group Co., Limited. All rights 
reserved
ALT alanin-amino-transpherase, AST aspartate-amino-transpherase, LDH lactat-dehydrogenase, ALP alkaline-
phosphatase, ACE angiotensin-converting-enzime
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number of promyeloid colonies was also twofold 
lower in CHF patients. In the mixed-culture 
assay, myelopoiesis and erythropoiesis were 
reduced to a similar magnitude in CHF patients. 
There was an inverse relation between the num-
ber of erythrocytes precursor colonies and the 
severity of heart failure irrespective of the quanti-
fication of HF, by symptoms—NYHA class or by 
biomarkers—NT-proBNP level.

Anemia worsens the prognosis in HF patients. 
There are multiple mechanisms involved, includ-
ing haematogenic marrow, liver, kidney and 
bowel alterations (Fig. 12.9).

There are series of patients with increased 
incidence of stroke without arterial or atheroscle-
rotic causes who associates lung comorbidities. 
Their pathology might be explained through 
increased venous stasis [12]. An extensive search 
of the literature failed recently to identify a 
unique patho-physiological pathway between 
stroke and lung disease as a precursor of RV 

failure [31], only one of the considered mecha-
nism being stasis.

There is RV involvement in various pulmo-
nary comorbidities. Patients with sarcoidosis 
may experience various degrees of RV dysfunc-
tion before clinical overt manifestations of sec-
ondary pulmonary hypertension [32]. There are 
reports of worse prognosis in patients which 
associate sarcoidosis and subtle subclinical 
changes in RV function.

Important hemodynamical changes have been 
described in heart failure. Most of them refer to 
left heart decompensation and in a lesser magni-
tude to primary right heart decompensation. 
According to Frank Starling law the decrease in 
cardiac output in heart failure is further influ-
enced by increase of pulmonary stasis. The myo-
cardial contractions of both RV and LV are 
linked, a interventricular coupling mechanism 
being described. A decreased LV contraction 
triggers less RV contraction.
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Fig. 12.8  Mechanisms of increased inflammation during 
venous congestion. (reprint from Afsar B, Ortiz A, Covic 
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In an acute setting, the RV failure generates 
less contraction without increase in right cham-
bers compliance. The systemic response in this 
situation will be generated by organ stasis in the 
two vena cava territories with a more obvious 
expression in the inferior vena cava drainage sys-
tem and secondary inflammation cascade.

In patients with LV preserved ejection fraction 
and mild symptoms of heart failure (HFpEF) [33] 
there are reports of early involvement of RV [34, 
35]. These changes can be explained through 
increase of pulmonary arterial pressure (PA), but 
not through variation in blood volume 
(Fig. 12.10).

12.5	 �Paraclinical Findings in Right 
Heart Failure

Having a less impressive clinical picture of the 
organ damage, one would need an exact paraclin-
ical evaluation to proper assess the prognosis of a 
patient with chronic RV dysfunction. Brain natri-
uretic peptide (BNP), one of the most reliable 
biomarker in heart failure [36] is of lesser impor-
tance in case of liver dysfunction due to changes 
in hepatic metabolization [37]. Troponin suffers 
the same alteration in absolute value following 
the same pattern. Also in kidney disease the tro-
ponin I and T level are modified and the 
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possibility to differentiate true from false positive 
results may be altered [38]. There are several pro-
teins elevated in right ventricular involvement, 
but their clearance in a liver or renal comorbidity 
is not yet clearly defined [39] (Fig. 12.11).

There are studies in which gene expressions 
and different proteins are analyzed directly from 
RV wall samples in animal models. When deter-
mination in blood or urine of such proteins will 
be available it might be possible to evaluate better 
the RV dysfunction and define the prognosis of 
such patients.

�Conclusions

Right heart failure represents a complex 
pathological condition with multiple faces: 
different etiologies induce different evolu-

tive patterns (RV volume overload, RV pres-
sure overload, intrinsic RV dysfunction). 
Venous systemic congestion is the main 
physio-pathological consequence, but low 
cardiac output may be associated, indepen-
dent of LV function. Organ dysfunction or 
failure driven by venous congestion and sec-
ondary hypoperfusion involves different 
organs with possible pathological influence 
on one each other.

Organ dysfunction influence the reliability 
of current biomarkers. There are no current 
biomarkers of clinical utility to be used irre-
spective of systemic expansion of cardiac fail-
ure. RV and LV failure frequently coexist and 
there is great difficulty to establish which dys-
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function is dominant. More specific biomark-
ers for RV are needed.
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Abstract

Congenital heart disease (CHD) represent 
another unsolved problem of the present, 
although new techniques of exploration like 
fluorescence in situ hybridization (FISH), 
high resolution array-comparative genomic 
hybridization (array-CGH), single nucleo-
tide polymorphisms (SNPs), comparative 
genomic hybridization (CGH) and spectral 

karyotyping (SKY) explain some genetic 
mechanisms implied in the genesis of this 
pathology. However, there are many unre-
solved issues. Structural modifications of 
chromosomes by duplication and also by 
deletion determine variable phenotypes 
depending on the altered structural site. 
Given that, the genetic defect affects only 
one gene or more but determines repercus-
sions over the cardiac anatomy or/and other 
non-cardiac systems, as a result the pheno-
type can be syndromic or nonsyndromic. 
The raised or low number of chromosomes 
was the first explanation for CHD. Trisomy 
21 (Down’s syndrome), 18 (Edward’s syn-
drome), 13 (Patau’s syndrome), monosomy 
X (Turner’s syndrome), deletion at chromo-
some 7q11.23 and 22q11.2, multiple gene 
mutations, are the most frequent chromo-
somal or sub-chromosomal destructuring 
along with syndromic phenotype. Copy 
number variations (CNVs) is defined as sub-
chromosomal mechanism that by deletion or 
multiplication produces in general nonsyn-
dromic phenotype. Transcription factors 
T-Box protein 5 (TBX5), mNK2 Homeobox 
5 (NKX2.5), GATA-binding protein 4 
(GATA4) are specific proteins that sending 
information from DNA to RNA messenger 
can undergo structural denaturations and if 
this happens these proteins cannot send cor-
rect messages resulting in alteration of the 
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normal chain of cardiogenesis. Combination 
between these mechanisms and unitary 
action produce CHD in different forms, syn-
dromic or nonsyndromic.

Keywords

Chromosome abnormality · Gene defects · 
Syndromic · Nonsyndromic · Duplication · 
Deletion · Congenital heart diseases · 
Developmental delay

13.1	 �Introduction

CHDs represent the single largest cause of 
infant morbidity and mortality worldwide [1, 
2], and CHD genetics is increasing with a fast 
rate [3]. However, CHDs continue to have 
unresolved issues because of multiple aetiolo-
gies forms such as chromosome abnormalities 
caused by environmental factors and genetic 
disorders; single or multiple gene mutations; 
de novo mutations; abnormal RNA; single 
nucleotide polymorphism; copy number varia-
tions (CNVs).

Mechanisms of genesis and understanding 
of congenital cardiac malformations have con-
cerned scientific societies over two decades. 
Although genetic elucidation of cardiogenesis 
enlightened some of the issues, there are still 
many unknown mechanisms that presently 
are in stage of hypothesis. However the pro-
gression of understanding the involvements 
of molecular and genetic mechanisms which 
trigger the defects in cardiac structure was pro-
gressive mainly with the help of new modern 
techniques used in studies of this pathology 
(Table 13.1) [4].

13.2	 �Causes of Congenital Heart 
Defects

New concepts regarding the etiology of CHD 
sustain genetic and nongenetic factors. Among 
genetic factors the most important are structural 
alteration of chromosomes responsible for car-

diogenesis, genetic mutations (8%), restructur-
ing of RNA, epigenetic factors, single nucleotide 
polymorphism and multifactorial factors (90%) 
(Fig. 13.1) [5].

It has to be mentioned that James Nora sug-
gested in 1968 the contribution of combining 
genetic and environmental factors in the develop-

Table 13.1  Conceptual evolution of the genetics of con-
genital heart diseases

Concepts Examples

Multifactorial 
inheritance

All heart diseases

Major role of the 
environment

Teratogenic: Rubella, 
thalidomide

Unique mechanism of 
anatomically different 
heart disease: One 
genetic abnormality–
several heart diseases

Deletion of chromosome 
22q1.1 and conotruncal heart 
diseases

Monogenic nature of 
many heart diseases

Interatrial communication, 
atrioventricular canals, 
tetralogy of Fallot

Failure of strategies of 
partial phenocopy: 
Genetically different 
syndrome and 
non-syndrome 
associated heart 
diseases

Interatrial communication 
and Holt-Oram syndrome 
(TBX5), tetralogy of Fallot 
and deletion of chromosome 
22q1.1, atrioventricular 
canals and critical cardiac 
region of trisomy 21

Notion of phenotype 
continuum or gravity 
spectrum

Bicuspid aortic valve, aortic 
stenosis and coarctation, 
shone syndrome, hypoplasia 
of left heart

Variability of 
intrafamilial 
expression for a same 
molecular abnormality

Familial heart diseases of 
deletion of chromosome 
22q1.1

Genetic heterogeneity 
of congenital heart 
diseases: One 
malformation–several 
genes

Interatrial communication 
and mutations in NKX2.5, 
GATA4, MYH7

Heterogeneity of 
mechanisms for a 
same heart disease

Common arterial trunk: 
Septation disease of the 
efferent pathway or of 
myocardium rotation from 
the base of the efferent 
pathway

Redefinition of the 
phenotype in relation 
to the mechanism

Double outlet right ventricles

From Bajolle et al. [4]
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ment of a human heart defects that can be used 
in prevention of CHD [6, 7]. Recently, Akhirome 
et al. [6] showed in a comprehensive review that 
genetic etiologies of CHD comprise an high num-
ber of unknown causes (61.7%), the rest being 
known (Table 13.2) [6]. Importantly, the known 
causes of CHD are de novo or inherited genetic 
abnormalities [6].

13.3	 �Chromosomal Abnormalities

Chromosomal aneuploidy is the most frequent 
cause of chromosome destructuring that modi-
fies the normal genetic information. Due to the 
new techniques of study like fluorescence in 
situ hybridization—FISH, spectral karyotyp-
ing (SKY) and comparative genomic hybrid-
ization (CGH), it appeared new concepts as 
cells genetics (molecular cytogenetics) in the 
last decades. These new concepts established 
that deletion and duplication (microdele-
tions and microduplications) are new genetic 
mechanisms of chromosome destructuring in 
CHD [14].

Genetic modifications that affect only the 
heart are classified in the nonsyndromic CHD cat-
egory, however those that involve heart and other 
organs are named syndromic CHD.  Recently, 

Chung and Rajakumar [15] classified by a study 
the chromosomal anomalies from CHD into 
three categories [15]:

	1.	 Modification of chromosomes implied in car-
diogenesis such as trisomy 21 (Down’s syn-
drome), 18 (Edward’s syndrome), 13 (Patau’s 
syndrome), monosomy X (Turner’s syn-
drome), Tetrasomy 22q [15];

	2.	 Chromosomes deletion: 22q11, 7q11.23, 
1p36, and 22q11.2;

	3.	 Gene mutations: multiple (TFAP2B), or sin-
gle (TFAP2B) (Table 13.3) [15].

Moreover, the most frequent congenital mal-
formations with modification of chromosomes 
implied in cardiogenesis are: atrial septal 
defect (ASD) with all its types (ostium pri-
mum, ostium secundum, and common atrioven-

etiology of CHD

rubella

teratogens

maternal diseases

Altered haemodynamics

abnormal chromosome structure

gene mutations

abnormal RNA

epigenetics

single nucleotide polymorphisms

environmental factors

genetic factors

Fig. 13.1  Etiology of 
congenital heart defects 
[5]. It is open access 
chapter. Attribution 3.0 
Unported (CC BY 3.0)

Table 13.2  Genetic disorders in congenital heart defects 
(adapted from Akhirome et al. [6])

Genetic disorder % References

Chromosomal syndrome 12 [8, 9]

De novo copy number variations 
(CNV)

15 [10]

De novo gene mutation 10 [11–13]

Inherited gene mutation 1.3 [13]

Unknown 61.7 [6]
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Table 13.3  Representative chromosomal disorders associated with congenital heart defects [16]

Chromosomal disorder Main features

Percent 
with 
CHD Heart anomaly References

Deletion 4p  
(Wolf-Hirschhorn 
syndrome)

Pronounced microcephaly, widely spaced 
eyes, broad nasal bridge (Greek helmet 
appearance), downturned mouth, 
micrognathia, preauricular skin tags, 
elongated trunk and fingers, severe mental 
retardation and seizures; 1/3 die in infancy

50–65 ASD, VSD, PDA, 
LSVC, aortic atresia, 
dextrocardia, TOF, 
tricuspid atresia

[17, 18]

Deletion 5p 
(cri-du-chat)

Catlike cry, prenatal and postnatal growth 
retardation, round face, widely spaced 
eyes, epicanthal fold, simian crease, 
severe mental retardation, long survival

30–60 VSD, ASD, PDA [17, 19, 
20]

Deletion 7q11.23 
(Williams-Beuren 
syndrome)

Infantile hypercalcemia, skeletal and renal 
anomalies, cognitive deficits, “social” 
personality, elfin facies

53–85 Supravalvar AS and 
PS, PPS

[21–23]

Trisomy 8 mosaicism Skeletal/vertebral anomalies, widely 
spaced eyes, broad nasal bridge, small 
jaw, high arched palate, cryptorchidism, 
renal anomalies (50%), long survival

25 VSD, PDA, CoA, PS, 
TAPVR, truncus 
arteriosus

[17, 
24–27]

Deletion 8p syndrome Microcephaly, growth retardation, mental 
retardation, deep-set eyes, malformed 
ears, small chin, genital anomalies in 
males, long survival

50–75 AVSD, PS, VSD, TOF [28–30]

Trisomy 9 Severe prenatal and postnatal growth 
retardation, marked microcephaly, 
deep-set eyes, low-set ears, severe mental 
retardation; 2/3 die in infancy

65–80 PDA, LSVC, VSD, 
TOF/PA, DORV

[17, 31]

Deletion 10p Frontal bossing, short down-slanting 
palpebral fissures, small low-set ears, 
micrognathia, cleft palate, short neck, 
urinary/genital, upper-limb anomalies

50 BAV, ASD, VSD, 
PDA, PS, CoA, 
truncus arteriosus

[17, 32, 
33]

Deletion 11q 
(Jacobsen syndrome)

Growth retardation, developmental delay, 
mental retardation, thrombocytopenia, 
platelet dysfunction, widely spaced eyes, 
strabismus, broad nasal bridge, thin upper 
lip, prominent forehead

56 HLHS, valvar AS, 
VSD, CoA, Shone’s 
complex

[34]

Trisomy 13 (Patau 
syndrome)

Polydactyly, cleft lip and palate, scalp 
defects, hypotelorism, microphthalmia or 
anophthalmia, colobomata of irides, 
holoprosencephaly, microcephaly, 
deafness, profound mental retardation, rib 
abnormalities, omphalocele, renal 
abnormalities, hypospadias, 
cryptorchidism, uterine abnormalities; 
80% die in first year

80 ASD, VSD, PDA, 
HLHS, laterality 
defects, atrial 
isomerism

[35, 36]

Trisomy 18 (Edwards 
syndrome)

IUGR, polyhydramnios, micrognathia, 
short sternum, hypertonia, rocker-bottom 
feet, overlapping fingers and toes, TEF, 
CDH, omphalocele, renal anomalies, 
biliary atresia, profound mental 
retardation; 90% die in first year

90–100 ASD, VSD, PDA, 
TOF, DORV, D-TGA, 
CoA, BAV, BPV, 
polyvalvular nodular 
dysplasia

[17, 37, 
38]

Deletion 20p12 
(Alagille syndrome)

Bile duct paucity, cholestasis, skeletal or 
ocular anomalies, broad forehead, widely 
spaced eyes, underdeveloped mandible

85–94 Peripheral PA, 
hypoplasia, TOF, PS, 
(left-sided heart 
lesions and septal 
defects less common)

[39, 40]
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Chromosomal disorder Main features

Percent 
with 
CHD Heart anomaly References

Trisomy 21 (Down 
syndrome)

Hypotonia, hyperextensibility, epicanthal 
fold, simian crease, clinodactyly of fifth 
finger, brachydactyly, variable mental 
retardation, premature aging

40–50 AVSD, VSD, ASD, 
(TOF, D-TGA less 
common)

[17, 
41–46]

Deletion 22q11 
(DiGeorge, 
velocardiofacial, and 
conotruncal anomaly 
face syndrome)

Hypertelorism, micrognathia, low-set 
posteriorly rotated ears, “fish mouth,” 
thymic and parathyroid hypoplasia, 
hypocalcemia, feeding/speech/learning/
behavioral disorders, immunodeficiency, 
palate/skeletal/renal anomalies

75 IAA-B, truncus 
arteriosus, isolated 
aortic arch anomalies, 
TOF, conoventricular 
VSD

[47, 48]

Monosomy X (turner 
syndrome, 45,X)

Lymphedema of hands and feet, widely 
spaced hypoplastic nipples, webbed neck, 
primary amenorrhea, short stature, normal 
intelligence

25–35 CoA, BAV, valvar AS, 
HLHS, aortic 
dissection

[17, 
49–53]

Klinefelter syndrome 
(47,XXY)

Usually normal appearing, tall stature, 
small testes, delayed puberty, emotional 
and behavioral problems common, 
variable mental retardation

50 MVP, venous 
thromboembolic 
disease, PDA, ASD

[17, 54]

Abbreviations: CHD indicates congenital heart defects, ASD atrial septal defect, VSD ventricular septal defect, PDA 
patent ductus arteriosus, LSVC persistent left superior vena cava, TOF tetralogy of Fallot, AS aortic stenosis, PS pul-
monic stenosis, PPS peripheral pulmonary stenosis, CoA coarctation of the aorta, TAPVR total anomalous pulmonary 
venous return, AVSD atrioventricular septal defect, TOF/PA tetralogy of Fallot with pulmonary atresia, DORV double-
outlet right ventricle, BAV bicuspid aortic valve, HLHS hypoplastic left heart syndrome, IUGR intrauterine growth 
retardation, TEF tracheoesophageal fistula, CDH congenital diaphragmatic hernia, D-TGA D-transposition of the 
great arteries, BPV bicuspid pulmonary valve, PA pulmonary artery, IAA-B interrupted aortic arch type B, and MVP 
mitral valve prolapse

Table 13.3  (continued)

tricular canal), ventricular septal defect, and 
patent ductus arteriosus (PDA). For instance, 
trisomy 21 (Down’s syndrome) has a frequency 
of 40–50% from cases [55], and 1 from 2500 
female newborns have monosomy X (Turner’s 
Syndrome) [56]. Importantly, heart defects are 
present in 35% cases of trisomy 13 (Patau’s 
syndrome) and in 45% cases of trisomy 18 
(Edward’s syndrome) [57].

Also, the known genetic mechanisms that are 
assigned to chromosome modifications implied 
in cardiogenesis or chromosome deletion are 
present in Table 13.3 [16].

13.4	 �Copy Number Variations 
(CNVs)

According to current evidence, along with modifi-
cation of chromosomes, microdeletion and genetic 
mutations, another mechanism may induce sub-

chromosomal changes in genome structure known 
as Copy Number Variations (CNVs). These sub-
chromosomal changes or destructuring have out-
comes over cardiogenesis and it is accomplished 
by multiple mechanisms but mainly by deletions 
and duplications (Fig. 13.2) [60].

In particular, investigations such as fluores-
cence in situ hybridization (FISH), high-resolution 
array-comparative genomic hybridization (array-
CGH) and single nucleotide polymorphisms 
(SNPs) are the most frequent methods used for 
identification of CNVs and their connection to 
CHD [60].

Richards et al. [61] on a study of 40 childrens 
with CHD using fluorescence in situ hybridiza-
tion (FISH) consider that this technique is more 
precisely in detection of modifications induced 
by deletions, duplications or translocations, 
especially in subthelomeric analyzing explaining 
fundamental chromosomal and subchromosomal 
mechanisms in genesis of CHD (Fig. 13.3) [61].
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a

b

Chromosome
Pair

CNVs

Tandem
Duplication

Deletion

Contiguous gene disruption

Whole gene
(or partial intergenic) deletion

Unmasking of a recessive allele
(Compound heterozygosity)

Disruption of regulatory element(s)

Diploid

Fig. 13.2  Examples of CNV and associated disease 
mechanisms. (a) Normal diploid status and two exam-
ples of CNV (a simple deletion and a tandem duplica-
tion). Not pictured are the diverse other forms of CNV, 
including non-contiguous insertions, higher-order copy 
number changes (multi-allelic CNV), and more com-
plex rearrangements. CNVs may involve no, one or 
multiple genomic elements. (b) Selected mechanisms 
underlying disease effects of copy number losses (dele-
tions). A gene is indicated by a contiguous monochro-
matic set of rectangles, and a regulatory element (e.g., 

promoter) by an oval. The definition of ‘gene’ extends 
beyond protein-coding genes to potentially include non-
coding elements like microRNAs and long noncoding 
RNAs. Of note, duplications can effect change through 
increased copy number of a dosage sensitive gene (not 
pictured) or via the mechanisms depicted for deletions 
(e.g., via disruption at a breakpoint or partial intragenic 
duplication). Inspired by Fig. 1 in Bassett et al. [58] and 
Fig. 2 in Lee and Scherer [59]. From Costain et al. [60]. 
It is an open access article. Attribution 4.0 International 
(CC BY 4.0)
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a b1

c1 c2 d

b2

Fig. 13.3  FISH demonstrates chromosomal abnormali-
ties in five subjects with CHD and additional anomalies. 
(A) Interstitial duplication of long arm of chromosome 
(ch) 2. FISH using custom BAC clones shows normal 
hybridization signals to the normal homologue of ch2 
(arrowhead) and duplicated hybridization signals to the 
abnormal homologue of ch2 (arrow). Hybridization sig-
nals are also seen in interphase cells (right) with long 
arrows showing two signals (duplication) and arrowhead 
showing a single signal (normal). (B) Unbalanced translo-
cation involving the long arm of chromosome 16 and 
short arm of ch19. (B1) FISH using subtelomeric probes 
to the short arm (green signal) and long arm of ch16 (red 
signal) indicate trisomy for the terminal region of ch16. 
(B2) FISH using probes for the subtelomeres of the short 
arm (green), long arm (red), and centromere (aqua) of 
ch19. Absence of the green signal (arrowhead) indicative 
of deletion of the distal segment of the short arm of ch19 
when compared with normal ch19 (arrow). (C) 
Unbalanced translocation involving the long arm of ch1 
and the long arm of ch15. (C1) FISH using subtelomeric 
sequences for the short arm (green) and the long arm (red) 
of chromosome 1. Arrow identifies the distal long arm of 
the abnormal chromosome 1 (signal missing), arrowhead 
identifies the distal long arm of the normal chromosome 1. 
Additional signals (yellow) in C1 identify Xp/Yp subtelo-

meric regions used as reporter sequences. (C2) Arrows 
identify hybridization signals for the subtelomeric 
sequences of ch15. Arrowhead indicates a ch15q hybrid-
ization signal on the long arm of ch1. Additional signals 
in C2 indicate short arm of ch10 (green) and long arm of 
10 (red) as reporter sequences. (D) FISH showing normal 
hybridization to the DiGeorge/velo-cardio-facial syn-
drome critical region at chromosome 22q11.2 using a 
TUPLE1 probe. Arrowhead identifies normal hybridiza-
tion pattern (red), arrow points to the deleted region. 
Green signal identifies distal ch22q, a reporter sequence 
encoding the arylsulfatase A gene. (E) Unbalanced trans-
location involving the long arm of ch7 and the long arm of 
ch17. (E1) FISH showing hybridization of subtelomeric 
sequences to the short arm (red) and the long arm (green) 
of ch7. Arrows indicate hybridization to the long arms of 
both the normal and abnormal homologues of ch7 indicat-
ing that the subtelomeric sequences on the abnormal chro-
mosome are intact. The second set of signals is a reporter 
and identifies ch14. (E2) Arrowhead identifies hybridiza-
tion to the telomeres of the long arms of the normal homo-
logues of ch17. Arrow identifies a ch17 hybridization 
signal on the distal long arm of ch7. The scale bar in (A) 
represents 5 μm and the same magnification of 600× is 
used in all images. From Richards et al. [61]

13  Essential in Genetic Etiology of Congenital Heart Diseases



264

e1 e2

Fig. 13.3  (continued)

Fahed et al. [62] evaluated recently in a meta-
nalysis the variation of CNVs based on the number 
and type of genes involved in the developmen-
tal of a pathological phenotype in patients with 
non-syndromic CHD. The alteration mechanism 
of CNVs is either the deletion or duplication. The 
number of involved genes can be one or multiple 
and their destructuring generate various types of 
CHD.  For instance the most frequent modified 
genes in genesis of Fallot tetralogy are only one 
(PPM1K, MID1) or multiple (RAF J, TMEM40, 
EDIL3, VCAN, SSBP2, TMEM167A, CNOT6, 
GFPT2, FLT4, ZNF879, ZNF345C, ADAMTS2, 
NSD1, GATA4, NEIL2, FDFT1, CSTB, SOX7, 
NOTCH1, EHMT1, TNFSF11, MIER2, CNN2, 
FSTL3, PTBP1, WDR18, GNA11, S1PR4), that 
further causes de novo CNVs responsible for the 
genesis of Fallot tetralogy, when while both par-
ents have normal karyotype. Also, this metaanal-
ysis showed that 5–10% of patients are estimated 
to have non-syndromic CHD while both parents 
have normal karyotype (see Table 13.4) [62].

13.5	 �Transcription Factors

Transcription factors (sequence-specific DNA-
binding factor) are specific proteins with the role 
to control the transfer of genetic information 
from DNA to RNA messenger [71]. This process 
is accomplished through mechanisms of activa-
tion or blockage of RNA polymerase [72–74].

In the differentiation and embryological evo-
lution of cardiac structures with effects on ana-

tomical integrity the main role belongs to the 
transcription factors which are T-Box protein 
5 (TBX5, NK2 Homeobox 5 (NKX2.5), GATA-
binding protein 4 (GATA4). They control tran-
scription of the information from DNA to RNA 
messenger through RNA polymerase [71, 75].

TBX5, GATA4, and NKX2 are the main factors 
of transcription that control the differentiation 
and development of cardiac structures and they 
are responsible for the congenital malformations. 
These can relate each other or they can act alone 
in the genesis of CHD. Thus, in case of ASD and 
VSD, each of them can be implied in the devel-
opment of congenital malformation. For ASVD, 
both transcription factors like TBX5 and GATA4 
can be involved. The specificity of one transcrip-
tion factor exists in Ebstein disease (NKX2-5) 
and hypoplasic left ventricle; for paroxistic 
atrial fibrillation and Holt-Oram Syndrome is 
responsible only TBX5. Further, for Fallot tetral-
ogy is implied only NKX2-5, and for AV block 
the same NKX2-5. Also one transcription factor 
is responsible for the pulmonary valve stenosis 
known as GATA4. Combinations between these 
major transcription factors participate to genesis 
of cardiac structures, therefore TBX5 with NKX2-
5 control beginning with the first heart field 
(FHF) stage cellular differentiation and later the 
specific genes for cardiac cavities and conduc-
tion system of cardiac tissue. Moreover, GATA4 
and NKX2-5 promote proteins from sarcomeric 
genes, and GATA4 + TBX5 sustain gene expres-
sion for protein synthesis from AV node and gap-
junction (Fig. 13.4) [76].

To sum up, these hypotheses don’t clarify the 
questions regarding why same gene modifica-
tions can develop more types of CHD, thus the 
mutations of TBX5 can lead to ASD phenotype 
and also to VSD, or mutations of TBX5, TBX20, 
GATA4 and NKX2.5 can produce different phe-
notype on a patient than to another patient [76]. 
Furthermore, they don’t explain why only one 
mutation can decide a unique phenotype, for 
example NKX2-5 for Fallot Tetralogy and GATA4 
for pulmonary valve stenosis. However, Kloesel 
et al. [76] consider that the explanation for these 
situations are realized by transcriptional/transla-
tion and by interaction of multiple genes [76].
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Table 13.4  Copy number variations (CNVs) associated with recurrent cases of non-syndromic CHD

Locus

Size 
range 
(Kbp)

No 
of 
cases Inheritance CNVs

No of 
genes Genesa Phenotype Reference(s)

1q21.1 418–
3981

21 De novo, 
inherited, 
n/a

Gain, 
loss

3–45 PRKAB2, FM05, 
CHD1L, BCL9, 
ACP6, GJA5, 
CD160, PDZK1, 
NBPF11, FMO5, 
GJA8

TOF, AS, CoA, 
PA, VSD

[63–67]

3p25.1 175–
12,380

3 De novo, 
inherited

Gain 2 RAF J, TMEM40 TOF [64, 68]

3q22.1–3q26.1 680–
32,134

3 Inherited, 
n/a

Gain, 
loss

0–300 FOXL2, NPHP3, 
FAM62C, CEP70, 
FAIM, PIK3CB, 
FOXL2, BPESC1

DORV, 
TAPVR, AVSD

[69, 67, 
70]

4q22.1 45 2 De novo 
inherited

Gain 1 PPM1K TOF [64, 63]

5q14.1-q14.3 4937–
5454

2 De novo Gain 41,103 EDIL3, VCAN, 
SSBP2, 
TMEM167A

TOF [63, 65]

5q35.3 264–
1777

4 De novo, 
n/a

Gain 19–38 CNOT6, GFPT2, 
FLT4, ZNF879, 
ZNF345C, 
ADAMTS2, NSD1

TOF [63, 67]

7q11.23 330–
348

2 n/a Gain 5–8 FKBP6 HLHS, 
Ebstein’s

[67]

8p23.1 67–
12,000

10 n/a Gain, 
loss

4 GATA4, NEIL2, 
FDFT1, CSTB, 
SOX7

AVSD, VSD, 
TOF,ASD, 
BAV

[63, 67]

9q34.3 190–
263

3 De novo Loss 2–9 NOTCH1, EHMT1 TOF, CoA, 
HLHS

[63, 67]

11p15.5 256–
271

2 n/a Gain 13 HRAS DILV, AS [67]

13q14.11 555–
1430

3 n/a, de 
novo

Gain 7 TNFSF11 TOF, TAPVR, 
VSD,BAV

[65, 69]

15q11.2 238–
2285

12 n/a Loss 4 TUBGCP5, 
CYFIP1, NIPA2, 
NIPA1

CoA, ASD, 
VSD, TAPVD, 
complex 
left-sided

[63]

16p13.11 1414–
2903

3 n/a Gain 11–14 MYH11 Malformatio-ns 
HLHS

[67]

18q11.1–
18q11.2

308–
6118

2 n/a Gain 1–28 GATA6 VSD [67]

19p13.3 52–
805

3 n/a, de 
novo

Gain, 
loss

1–34 MIER2, CNN2, 
FSTL3, PTBP1, 
WDR18, GNA11, 
S1PR4

TOF [65, 63]

Xp22.2 509–
615

2 n/a Gain 2–4 MID1 TOF, AVSD [65]

From Fahed et al. [62]
aGenes listed are encompassed by the CNV and were reported by the authors as candidate genes that are responsible for 
CHD. Only CNVs that have recurred in ≥1 CHD patient are listed. CNVs copy number variants, AVSD atrioventricular 
septal defects, ASD atrial septal defect, VSD ventricular septal defect, CoA coarctation of aorta, PS pulmonary stenosis, 
TOF tetralogy of Fallot, BAV Bicuspid Aortic Valve, AS Aortic Stenosis, PAPVR Partial Anomalous Pulmonary Venous 
Return, TAPVR Total Anomalous Pulmonary Venous Return, TAPD Total Anomalous Pulmonary Venous Drenaige, 
HLHS Hypoplastic left heart syndrome, DILV Double Inlet Left Ventricle, DORV Double outlet right ventricle
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13.6	 �Syndromic CHD

Precisely, genetic defects responsible for congen-
ital heart diseases are generating damage of the 
cardiac phenotype (non-syndromic CHD) or they 
are accompanied by other extracardiac defects 
(syndromic CHD).

Genetic mechanisms responsible for both 
conditions are multiple, some of them in hypoth-
eses stage. For syndromic CHD there are genetic 
mechanisms which include disorders of chromo-
somes number (chromosomal anueploidy), chro-
mosomal microdeletions, single gene defects, 
gene mutations. As a result, specific genetic 
defects are accomplished by mechanisms such as 
deletion (22q11.2), microdeletion (ELN, 20p12, 
12q21, 2-q22), mutations [ELN, TBX5, JAG1 or 
Notch1, PTPN11, SOS1, RAF1, KRAS, BRAF, 
MEK1, MEK2, and HRAS, CHD7, SEMA3E, 
TFAP2B, EVC or EVC2, HRAS, Fibrillin-1), 
outlining a clinical picture specific for each 
genetic defect. These mechanisms can act alone 
or combined, as a consequence we have different 
clinical pictures depending on the type of the 
genetic defect (Table 13.5) [77].

13.7	 �Non-syntromic CHD

Non-syndromic CHDs are the result of only one 
modified gene that shapes its own structure in 
an abnormal way, and that doesn’t respect the 
genetic code of cardiogenesis. NKX2.5, GATA4, 
MYH6, BMPR2, CRELD1, ALK2, NOTCH1 
and PROSIT-240 are the most frequent involved 
genes which can produce by themself cardiac 
congenital malformations (Table 13.6) [78].

13.8	 �New Approach

There are still many unknowns in understanding 
the gene dysfunction in congenital heart disease. 
Presently, there is knowledge about 50 genes that 
by mutations cause CHD. Recent studies estab-
lish a more precise relationship between genetic 
mutations and CHD genesis [79].

Zaidi et  al. [11] analyzed the mutations on 
4169 genes and they found an excess of a new 
protein in the group of heart-specific genes (high 
heart expression (HHE) gene), establishing 8 
gene mutations in patients with cardiac mal-
formations. These mutations were produced by 
the modification of histone via methylation of 
H3K4me (histone H3, lysine 4). This pathway 

Table 13.5  Syndromes manifesting congenital heart dis-
ease and their genetic cause

Syndrome with CHD Genetic cause for CHD

Disorders of chromosome dosage

Trisomy 21 (Down 
syndrome)

Unknown

Turner Unknown

Chromosomal microdeletions

Di Georges syndrome 22q11.2 deletion resulting in 
absent TBX1 gene

Williams-Beuren 
syndrome

Microdeletion of ELN gene; 
mutations in ELN gene

Single gene defects

Holt-Oram syndrome TBX5 mutations

Alagille syndome JAG1 or Notch1 mutations; 
microdeletion or 
rearrangement at 20p12 
resulting in absent JAG1gene

Noonan syndrome Mutations in PTPN11, SOS1, 
RAF1, KRAS, BRAF, MEK1, 
MEK2, and HRAS

CHARGE association Mutations in CHD7 and 
SEMA3E; microdeletion at 
22q11.2

Char syndrome Mutations in TFAP2B

Ellis-van Creveld 
syndrome

Mutations in EVC or EVC2

Cardiofaciocutaneous 
syndrome

Mutations in KRAS, BRAK, 
MEK1, or MEK2; 
Microdeletion at 
12q21.2-q22

Costello syndrome Mutations in HRAS (overlap 
with Noonan and 
Cardiofaciocutaneous 
syndrome)

Marfan syndrome Mutations in Fibrillin-1

From [77]. It is open access chapter. This is an open 
access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.
org/licenses/by/3.0), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided the 
original work is properly cited. Attribution 3.0 Unported 
(CC BY 3.0)
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is recognized as responsible for gene mutations 
MLL2, KDM6A, and CHD7 [11].

Later, Homsy et  al. [12] studied the genetic 
differences between patients with syndromic 
heart disease (S-CHD) and non-syndromic 
CHD (NS-CHD) and suggested that de novo  
protein-truncating variants (PTVs) are markedly 
present in the case of patients with NS-CHD 
representing one significant landmark that we 
are trying to elucidate in differentiation between 
NS-CHD and S-CHD [12].

Most gene mutations responsible for NS-CHD 
and S-CHD occur in both forms (ABCC9, 
ACTC1, COL1A1, NOTCH1, and NOTCH2,) 
and therefore it is considered that the genetic 
mechanisms of differentiation between these 
forms are not known [79].

To sum up, these studies suggest that there 
may be other gene mutations which can do 
the differentiation between NS-CHD and 
S-CHD. Recently genes like CDK13, CHD4, and 
PRKD1 have been isolated, being involved in the 
generation of S-CHD.

�Conclusions

According to current evidence the causes of 
CHD are exogenous and endogenous factors. 
The genetic mechanisms of CHD are multiple 
and include, among others, destructuring and 

numerical multiplication of chromosomes, 
sub-chromosomal changes (CNV), abnormal 
interrelationship between transcription fac-
tors, gene destructuring, deletion and duplica-
tion, mutations, and so on. There are still 
many congenital heart diseases with unknown 
etiology (61.7%). Syndrome CHDs are con-
genital malformations that include other 
genetic defects while non-syndromic CHD are 
clinical forms that manifest only by cardiac 
involvement. Monogene or polygenes muta-
tions can produce both syndromic and non-
syndromic phenotypes and further means that 
the interrelation between the original genetic 
factors is not yet elucidated.

The transcription factors responsible for 
cardiogenesis that regulate the differentiation 
of cardiac structures are T-Box protein 5 
(TBX5), GATA-binding protein 4 (GATA4) 
and NK2 Homeobox 5 (NKX2.5) and the 
abnormal interrelation between them gener-
ates multiple forms of CHD.  In the genetic 
sequence of CHD the beginning damage that 
has many starting points, ends with the pheno-
type specific to each genetic aberration.

Far from being puzzling, knowledge of nor-
mal cardiac development and the mechanisms of 
congenital heart diseases are essential to daily 
practice, as much for the daily examination of 
heart diseases as for genetic counselling before 
birth or in the case of familial forms [4]. For that 
reason, clinical geneticists and genetic counsel-
ors will have important responsibilities in patient 
care, to make certain correct diagnosis and help-
ful communication of inheritance and recurrence 
risks [3].
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Congenital Heart Disease 
and Right Heart

Silvia Iancovici and Maria Dorobanţu

Abstract

In the field of congenital heart disease (CHD) 
the right heart is frequently affected, therefore 
understanding its dysfunction and discovering 
new modalities of evaluation may have clini-
cal implications. In patients with CHD, the 
right ventricle (RV) is either considered the 
subpulmonary ventricle as is the case in atrial 
septal defects, pulmonary stenosis, and 
Tetralogy of Fallot, either the systemic ven-
tricle, e.g. in transposition of the great arteries 
(TGA). Without corrective surgery for these 
lesions, right-sided heart failure may develop 
and severely complicate the evolution of these 
patients. Consequently, finding new means to 
evaluate the right ventricle is highly important 
and has prognostic relevance. The anatomy 
and shape of the right ventricle (RV) are com-
plex, making its assessment more difficult. 
Generally, several imaging modalities can be 
utilized, mainly echocardiography, but also 
radionuclide imaging and, more recently, 
computed tomography (CT) and cardiac mag-
netic resonance (CMR). As mentioned before, 

in CHD the RV can functionally serve as the 
sub-pulmonary ventricle, however, it can also 
function as the systemic ventricle, in order to 
support pressure or volume overload or both.

Keywords

Congenital heart disease · Right heart · Right-
sided heart failure · Atrial septal defect · Ventricular 
septal defect · Ebstein anomaly · Fallot tetralogy  
Pulmonary regurgitation · Tricuspid regurgitation  
Transposition of the great arteries

14.1	 �Anatomy and Imaging

It is important to understand the anatomy and 
characteristics of the RV in order to differentiate 
between the two ventricles in the different types 
of congenital heart malformations. In the normal 
heart, the RV is the most anteriorly located 
cardiac chamber and lies closely behind the 
sternum.

The shape of the left ventricle (LV) is conical 
and easier to evaluate by 2D echocardiography. 
On the contrary, shape of the RV is complex, 
semilunar or “croissant”-like, which makes it 
more difficult to evaluate by 2D echocardiogra-
phy, as it is impossible to visualize all the RV 
segments in one plane.

The RV consists of three different parts: inlet, 
apical trabecular, and outlet. The inlet RV 
extends from the tricuspid valve (TV) annulus to 
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the insertion of the papillary muscles; the tra-
beculated apical myocardium extends from 
there, followed by the outlet (infundibulum or 
conus), which consists of a smooth myocardial 
outflow section. The TV has 3 leaflets: the sep-
tal, anterosuperior, and inferior (or mural).

One of the typical characteristics of the TV is 
represented by the insertions of the tendinous 
cords to the interventricular septum. This TV 
feature, along with the apical displacement of 
the TV and the presence of the moderator band, 
are used in echocardiography to distinguish TV 
from the mitral valve and the morphological LV 
from the morphological RV.

The RV trabeculations are coarse compared 
to the smoothly trabeculated left ventricle. 
Moreover, the RV outflow tract is muscular and 
elongated, ending in the pulmonary valve, that 
does not have a real valvular annulus [1].

Angiographic assessment of the RV used to be 
the “gold standard” for the evaluation of the right 
heart, however, it has recently been replaced by 
CMR.  Angiography is an irradiating, invasive 
procedure that also involves the use of contrast 
agents; the right heart angiographic assessment 
can reveal information concerning hemodynamic 
parameters, the pressure within the right cham-
bers, O2 saturations, and the presence of atrial 
shunts. It is still used to measure the gradients 
through the pulmonary valve in cases of stenosis 
before and after balloon dilatations. However, it is 
less revealing when it comes to the geometrical 
characteristics and the function of the right 
chambers.

Echocardiography is the first-line imaging 
modality for right heart assessment. Two-
dimensional echocardiography offers informa-
tion about the dimensions of the RV and the right 
atrium (RA), the systolic and diastolic function 
of the RV, flow through the tricuspid and the pul-
monary valve, and the presence of valvular ste-
nosis or regurgitation.

The CMR is the preferred imaging modality 
for quantitative assessment of RV volume, mass, 
and function, regardless of its position in the tho-
rax (subpulmonary or systemic RV) [1].

CMR with late gadolinium enhancement can 
detect myocardial fibrosis. The limitations of 
CMR are breath-holding, requirement of a 

regular heart rhythm, the exclusion of patients 
with implantable metallic devices, and its high 
cost [1].

Multiscan CT is an alternative, especially for 
patients with implantable devices, with the limi-
tation of using ionizing radiation [1].

14.2	 �The Volume-Overloaded RV

There are several CHD where the main conse-
quence is dilatation of the right chambers—atrial 
septal defects, significant pulmonary regurgita-
tion and tricuspid regurgitation.

14.2.1	 �Atrial Septal Defect

Is the second most common congenital defect, 
preceded by bicuspid aortic valve [2]. Three 
types of ASD are more frequent: ostium secun-
dum ASD, sinus venosus ASD, ostium primum 
ASD.  Ostium secundum defects account for 
70% of all ASD. Sinus venosus ASD and ostium 
primum defect represent 5 and 10% of all ASD, 
respectively [2].

The ostium secundum ASD represents a 
defect of the atrial septum at the fossa ovalis 
(Figs. 14.1 and 14.2).

The ostium primum defect is included in the 
spectrum of the atrioventricular (AV) septal 
defects (Fig. 14.3).

The sinus venosus ASD is a defect usually 
located at the junction of the superior vena cava 
with the RA and is almost always associated with 
partial anomalous pulmonary venous return. 
There are two other uncommon types of ASDs: 
inferior vena cava type of sinus venosus ASD and 
“unroofed” coronary sinus.

The isolated ASD leads to a left-to-right shunt 
and secondary dilatation of the right chambers: 
RA, RV and the pulmonary artery. Transthoracic 
echocardiography (TTE) reveals the right cham-
ber dilatation and the diagnosis of ASD is estab-
lished based on the presence of a defect at 
different levels of the interatrial septum, as 
described above. Sometimes, transesophageal 
echocardiography (TEE) may be necessary to 
confirm the diagnosis, especially in sinus 
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venosus ASD and may assist in the evaluation of 
pulmonary venous drainage.

Sometimes, the RV dilates severely due to the 
left-to-right shunt, however the systolic and dia-
stolic function are normal [1]. In patients with 
longstanding volume overload due to ASD, 
regional RV tissue Doppler imaging may show 
relaxation abnormalities [3].

It has been proven that longstanding dilatation 
of the right chambers leads to increased risk of 
complications, such as heart failure, arrhythmias, 
embolic events and increased mortality [4]. After 
closure of the ASD, reverse-remodeling of the 
right chambers can be noticed. The degree of 
reverse-remodeling varies with age, generally in 
older patients the RV/RA remodeling is incom-
plete [5]. Some trials showed that the process of 
reverse-remodeling develops over 1–24  months 
after ASD closure [6].

Closure of the ASD depends on the type. 
For ostium primum ASD and sinus venosus 
ASD, the solution is solely surgical; in con-
trast, for ostium secundum ASD, treatment 
may be either surgical or interventional, using 
a special device (Figs.  14.4 and 14.5). 
Establishing closure indication is based on the 
enlargement of the right chambers [7]. Another 
indication of closure is paradoxical embolism, 
regardless of the size of the ASD [7]. With rig-
orous patient selection, device closure in adults 
leads to clinical improvement and increased 
exercise capacity, and is associated with fewer 
complications and shorter hospitalization com-
pared to surgery [8].

An untreated large ASD leads to a progressive 
increase in pulmonary pressures, that may 
become fixed, thus implying the development of 
Eisenmenger syndrome. In Eisenmenger syn-
drome, due to high pressures in the right atrium, 

RA

LA

RV

LV

Fig. 14.1  Two-dimensional echocardiogram, apical 
four-chamber view. There is dilatation and hypertrophy 
of the right ventricle, that is larger than the left ventricle. 
A large atrial septal defect (ASD) is present (white 
arrow). LA left atrium, LV left ventricle, RA right atrium, 
RV right ventricle

RA

RV

LA LV

RARV

LA

LV

Fig. 14.2  Left: 
Two-dimensional 
echocardiogram, apical 
subcostal four-chamber 
view. There is a large 
ostium secundum ASD 
(Arrow). Right: Color 
Doppler evaluation: the 
left-to-right shunt is 
seen through the ASD 
(red color). LA left 
atrium, RA right atrium, 
RV right ventricle
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LA

RA

RV

LV

Fig. 14.4  Transesophageal echocardiography. Left: two-
dimensional echocardiogram (0°). The ASD closure 
device can be seen at the level of the atrial septum (arrow). 

Right: 3D zoom real time echocardiography left atrial 
view. The ASD device can be seen at the level of inter-
atrial atrial septum (arrow)

RA
LA

Atrialised RV

Functional RV

LV

Fig. 14.5  Two 
dimensional 
echocardiogram, apical 
four chamber view. 
There is dilatation of the 
right ventricle. The 
apical insertions of the 
septal tricuspid leaflet 
are measured at a 
distance of 29 mm from 
the atrioventricular 
annulus (dotted blue 
line). LA left atrium, LV 
left ventricle, RA right 
atrium, RV right 
ventricle

RA

LA

RV LV

Fig. 14.3  Two-
dimensional 
echocardiogram, apical 
four-chamber view. 
There is dilatation and 
hypertrophy of the right 
ventricle. A large atrial 
septal defect ostium 
primum is present (white 
arrow). Also noticeable 
is the insertion of the 
atrio-ventricular valves 
at the same level. LA left 
atrium, LV left ventricle, 
RA right atrium, RV 
right ventricle
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the shunt becomes initially bidirectional and then 
switches right-to-left. The presence of 
Eisenmenger syndrome is a contraindication for 
ASD closure [7].

Once pulmonary arterial hypertension (PAH) 
develops, the already dilated RV becomes hyper-
trophied. Over time, with longstanding PAH, dia-
stolic and systolic dysfunction appear. 
Furthermore, due to the enlargement of the right 
ventricle, the tricuspid annulus dilates and func-
tional tricuspid regurgitation develops.

The appearance of PAH can be evaluated by 
echocardiography by estimating systolic pulmo-
nary arterial pressure (sPAP). Thus, sPAP is 
obtained by measuring the RV-to-RA gradient 
and adding the RA pressure. Furthermore, the 
systolic dysfunction of the RV can be estimated 
by echocardiography using several parameters, 
such as: tricuspid annular excursion (TAPSE), 
fractional area change, S wave measured by 
Tissue Doppler, RV performance index (Tei 
index). Patients with RV systolic dysfunction, 
severe tricuspid regurgitation may develop signs 
of right-sided heart failure.

14.2.2	 �Pulmonary Regurgitation (PR)

Mild PR may be noticed while performing an 
echocardiogram in most examinations. In the 
congenital heart disease field, more significant 
forms of PR are commonly seen following 
repaired tetralogy of Fallot, or following inter-
vention (transcatheter or surgical) for pulmonary 
stenosis. Severe PR is rarely seen as an isolated 
lesion [1]. Severe PR after tetralogy of Fallot is 
associated with RV dilatation and systolic dys-
function, diminished exercise capacity, atrial and 
ventricular arrhythmias, and sudden death [1]. It 
is known that following 2 decades of exposure to 
significant volume-overload, RV systolic dys-
function occurs [9]. Therefore, the echocardio-
graphic follow-up of the RV systolic function 
and degree of PR is essential. In addition to 
echocardiography, CMR is considered the gold 
standard to assess systolic function and degree 
of PR [1].

In order to evaluate the severity of PR, several 
echocardiography parameters can be measured. 

Using Doppler echocardiography, a new Doppler 
index (the PR index, represented by the ratio of 
PR duration to diastolic duration) has been 
shown to correlate well with the MRI-derived 
pulmonary regurgitant fraction [10]. A PR index 
of less than 0.77 yields 100% sensitivity and 
85% specificity for identifying patients with a 
PR fraction >24.5%—that is, patients with sig-
nificant PR [10]. In addition, a PR pressure half-
time <100  ms has been found to be a reliable 
indicator of hemodynamically significant regur-
gitation [11].

Treatment consists of replacement of the pul-
monary valve, keeping in mind that identifying 
the optimal moment for intervention prevents 
complications. Patients with repaired tetralogy of 
Fallot should be followed-up by performing an 
echocardiogram yearly and a CMR scan every 
2  years [12]. It is recommended to refer the 
patient for pulmonary valve replacement in the 
presence of symptoms and severe PR, or when 
the subsequent are noticed at follow-up: progres-
sive dilatation of the RV, decrease in functional 
capacity, progressive RV systolic dysfunction, 
progressive TR, sustained atrial/ventricular 
arrhythmias [7]. After pulmonary valve replace-
ment, the RV volume usually decreases, as evi-
denced by different imaging techniques: 
echocardiography [13], radionuclide angiogra-
phy (RNA) [14] or CMR [15].

In patients with operated tetralogy of Fallot, 
there is a considerable arrhythmia risk. These 
patients usually have right bundle branch block, 
as well as signs of RV hypertrophy on the 
electrocardiogram.

Prolongation of the QRS duration correlates 
well with progressive RV dilatation and dysfunc-
tion [9]. Therefore, following QRS duration is 
relevant, with a QRS rate of change >4 ms/year 
having been associated with an increased risk of 
sustained ventricular tachycardia and sudden car-
diac death [16]. Other predictors of ventricular 
tachycardia and sudden cardiac death include a 
QRS duration >180 ms and LV dysfunction [16].

The main concern is deciding implantation of 
an internal cardiac defibrillator (ICD) in these 
patients and there is still uncertainty regarding 
the optimal moment for the intervention. There 
are several risk factors that should place the 
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patient in a high risk category for sudden cardiac 
death: large RVOT aneurysms [17], 
QRS > 180 ms [18], inducible ventricular tachy-
cardia [19], extensive late gadolinium enhance-
ment evaluated by CMR [20] or associated LV 
dysfunction [21].

14.2.3	 �Tricuspid Regurgitation (TR)

Mild, physiologic TR may be noticed on most 
transthoracic echocardiograms. When signifi-
cant, TR may be primary, as in Ebstein anom-
aly, dysplasia of the tricuspid valve, or it may 
be secondary to the dilatation of the tricuspid 
annulus, as seen in patients with operated tetral-
ogy of Fallot, or in other conditions with RV 
enlargement (arrhythmogenic right ventricular 
dysplasia).

Ebstein anomaly may be associated with 
other congenital heart defects (ASD, pulmo-
nary stenosis, pulmonary atresia or hypoplastic 
pulmonary arteries, subaortic stenosis, bicus-
pid aortic valve, mitral valve prolapse and ven-
tricular septal defect), as well as accessory 
conduction pathways (Wolff-Parkinson-White 
syndrome) [9].

Ebstein anomaly consists of a complex con-
genital disease characterized by the apical dis-
placement of the septal and posterior leaflets 
exceeding 20 mm or 8 mm/m2 body surface area 
in adults [22] (Fig. 14.5). Secondary to the apical 
displacement of the septal and posterior leaflet, 
the right ventricle divides in two: the atrialised 
RV (above the valve) and the functional RV 
(beneath the valve). The malformation leads to 
severe TR, affecting the RV function. Diagnosis 
is usually established by echocardiography, 
where the apical displacement of the leaflets in 
the four-chamber view can be observed. 
Echocardiography can also establish the severity 
of the disease, which depends on the ratio 
between the “atrialised RV” and the “functional 
RV”, as well as the mobility of the anterior 
leaflet.

The dimensions and parameters for assessing 
the systolic function of the RV can be estimated 
by echocardiography. CMR remains, however, 

the gold standard for an accurate assessment of 
both the volume and systolic function of the RV 
[23]. Treatment for Ebstein anomaly is surgical, 
with transverse plication of the atrialised cham-
ber and tricuspid valvuloplasty if feasible, or tri-
cuspid valve replacement [24]. Referral to 
surgery is recommended if more-than-moderate 
TR is present and symptoms associated, with a 
decrease in exercise capacity, progressive 
dilatation of the RV or reduction of RV systolic 
function [7]. Of crucial importance, prior to per-
forming the procedure, the patient should undergo 
a complete assessment of the tricuspid valve 
anatomy, RV dimensions and function by echo-
cardiography and, if possible, supplemented by 
CMR. Three-dimensional echocardiography may 
offer useful information, in addition to the 2D 
evaluation, in order to understand the valve 
anatomy.

TR may also be significant in patients with 
operated tetralogy of Fallot. TR, in this case, is 
related to RV dilatation due to severe PR and, 
possibly, valvular trauma during reparative 
surgery [25]. If severe, the TR contributes to 
further RV dilatation [25]. As discussed above, 
in these patients, a significant TR is an indica-
tion for pulmonary valve replacement [7]. 
However, when TR is severe, reoperation is 
associated with high surgical mortality and 
poor long term results due to postoperative RV 
dysfunction [26].

14.3	 �Pressure-Loaded RV

14.3.1	 �Right Ventricular Outflow 
Tract Obstruction: Isolated 
Pulmonary Stenosis

Valvular pulmonary stenosis (PS) represents 
80–90% of the right ventricular obstruction cases 
[1]. Less frequently, stenosis appears above 
(supra-) or below (subvalvular) the pulmonary 
valve. The main consequence of obstruction is 
the hypertrophy of the RV. The degree of hyper-
trophy depends on the severity of the obstruction. 
When prominent, RVOT hypertrophy can lead to 
secondary dynamic subvalvar stenosis [9]. PS 
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can also result in post-stenotic dilatation of the 
pulmonary trunk, which is common in the dom-
ing form of PS and often extends to the proximal 
left pulmonary artery [9].

The assessment of the stenosis is performed 
by echocardiography with a 2D visualization of 
the valve. The pulmonary valve can be “dome”-
shaped, the most frequent morphological fea-
ture in PS cases, but it can also be dysplastic 
(10–20% of PS cases [9]). The degree of PS is 
established using continuous Doppler assess-
ment by measuring the peak gradient through 
the valve. Cardiac catheterization should be 
used when balloon valvuloplasty is contem-
plated [12]. Sometimes, catheterization may 
also be needed for diagnosis, especially in cases 
of infundibular stenosis. More sophisticated 
methods, mainly CMR, may be used for detailed 
imaging of the RVOT and for assessment of RV 
size and function [1].

A hypertrophied RV can maintain its function 
for years [9]. If there is no other volume-loading 
condition associated, the RV is usually able to 
maintain its function well into the fourth or fifth 
decade of life [27]. There is little progression in 
PS severity when the gradient is less than 
30 mmHg; these patients should be followed up 
at least every 5 years with a clinical examination 
and Doppler echocardiography.

Treatment of RVOT obstruction is recom-
mended if the gradient through the obstruction is 
above 64 mmHg, when the RV function is normal 
and there is no need for valve replacement, as 
stipulated in the European Society of Cardiology 
guidelines [7]. Balloon valvulotomy is the 
method of choice in valvular PS. The same guide-
lines mention that intervention in patients with a 
gradient <64 mmHg should be considered in the 
presence of: symptoms related to PS or decreased 
RV function or double-chambered RV (which is 
usually progressive) or important arrhythmias or 
right-to-left shunting via an ASD or VSD [7].

The American College of Cardiology/
American Heart Association guidelines recom-
mend balloon valvulotomy for asymptomatic 
patients with dome-shaped pulmonary valve and a 
peak instantaneous Doppler gradient >60 mmHg 
or a mean Doppler gradient >40 mmHg [12]. For 

symptomatic patients, balloon valvulotomy is 
indicated when a peak instantaneous Doppler gra-
dient >50  mmHg or a mean Doppler gradient 
>30 mmHg is present [12].

In the long term, the outcome following bal-
loon valvulotomy is excellent [28], with a low 
rate of restenosis. The latter was found to be 
more common when a residual gradient was pres-
ent immediately after the procedure [29]. 
Sometimes, significant PR may develop following 
the intervention and may lead to progressive dila-
tation of the RV.

14.3.2	 �The Systemic RV

The morphological systemic RV is seen in two 
conditions: congenitally corrected transposition 
(ccTGA) and surgically corected TGA by atrial 
switch (Mustard or Sennning) [9]. In the sys-
temic position, the RV faces the left arterial pres-
sures, consequently leading to changes in the 
myocardium, with important hypertrophy.

Congenitally corrected TGA is a rare con-
genital disease, consisting of a double discor-
dance: atrio-ventricular and ventriculo-arterial. 
The right atrium is connected to the right-sided 
morphological LV that, in turn, connects to the 
pulmonary artery through the pulmonary valve 
(Fig. 14.6). The left atrium is connected to the 
left-sided morphological RV that, in turn, con-
nects to the aorta through the aortic valve. 
ccTGA may be associated with other congeni-
tal malformations, adding to the general 
prognosis.

Echocardiography establishes the diagnosis: 
in the four-chamber view the inverted ventricles 
can be noticed. The morphological RV is left-
sided and characterized by: apical displacement 
of the tricuspid valve, the presence of the mod-
erator band, and the tricuspid septal valve has 
cordal insertion on the inlet septum (Fig. 14.6). 
Another criteria for the diagnosis ofTGA is the 
side by side position of the great arteries. 
Accurate assessment of systemic RV function 
and the degree of systemic AV valve regurgita-
tion is essential. Just as is important is to identify 
associated lesions.
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CMR provides complementary information 
on the anatomy and accurate assessment of RV 
size and function [9].

The prognosis of ccTGA depends on the pres-
ence of associated lesions [9]. Without any asso-
ciated lesions these patients may survive until the 
seventh to eighth decade of life [9]. However, in 
the long term, the clinical course deteriorates 
even in patients without any associated lesions 
due to the possible appearance of complications 
such as: tricuspid valve regurgitation [30], RV 
systolic dysfunction [31] and complete heart 
block [32]. The presence of more-than-moderate 
tricuspid regurgitation associated with RV dys-
function is related to increased mortality [31], TR 
being the most significant independent predictor 
of outcome [33].

Although it is difficult to assess the RV sys-
tolic dysfunction by echocardiography, there are 
several parameters that offer an estimation of sys-
tolic function. In addition, the degree of TR can 
be appreciated by echocardiography using the 
standard evaluation: the reverse flow into the pul-
monary veins, the vena contracta, estimating the 
regurgitant volume and area using the PISA 
method. The severity of TR also influences the 
RV systolic function; RV dysfunction usually 
develops within 5 years from TR onset in ccTGA 
patients (without associated lesions or surgery) 

[33]. In addition, the severity of TR gradually 
increases with progression of RV dilatation and 
dysfunction.

When systemic RV function deteriorates in 
the presence of systemic AV valve regurgitation, 
particularly when intrinsic abnormalities of the 
valve are present, TV replacement should always 
be considered, before irreversible systemic RV 
dysfunction ensues [12].

Complete transposition of the great arteries 
(TGA) appears in around 5% of congenital heart 
malformations [9]. In these patients, the aorta 
arises from the morphological RV, and the pul-
monary artery from the morphological LV; the 
aorta and the pulmonary artery are parallel, usu-
ally with the aorta situated anterior and to the 
right. Associated lesions may also be present. 
This anomaly is incompatible with life without a 
surgical switch of the circulation either at the 
atrial or great arterial level.

The treatment of choice for patients with 
TGA is the arterial switch procedure, which has 
been used for more than two decades. However, 
most of the adults with TGA have had an atrial 
switch procedure (Mustard or Senning opera-
tion) that results in the RV as the systemic ven-
tricle. These patients may develop systemic 
ventricular dysfunction, arrhythmias or baffle-
related problems, and warrant annual follow-up 

Morphological LV Morphological RV

RIGHT LEFT

RA LA

TV

Fig. 14.6  Two-
dimensional 
echocardiogram, apical 
four-chamber view of a 
patient with ccTGA. The 
LA communicates with 
the left-sided 
morphological RV. The 
RA communicates with 
the right-sided 
morphological LV. LA 
left atrium, LV left 
ventricle, RA right 
atrium, RV right 
ventricle, TV tricuspid 
valve
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in specialized adult congenital heart disease 
(ACHD) centers [12].

Cumulative survival 25–30  years after the 
Mustard repair is as high as 80% [1]. RV dys-
function appears as the TR becomes more severe 
[9]. TV replacement is recommended in patient 
with severe TR due to primary TV disease (which 
may be iatrogenic from VSD closure or due to 
other factors such as endocarditis) [12]. The sys-
tolic function of the systemic RV can be esti-
mated by echocardiography, however the primary 
modality for RV function and size assessment 
remains CMR. Moreover, the systemic and pul-
monary venous pathways can be evaluated more 
accurately. When CMR is contraindicated, gated 
CT-angiography may be an alternative [9]. The 
decline in RV function, cumulated with residual 
lesions like baffle obstruction or leakage, residual 
ventricular septal defect, and pulmonary valve 
stenosis, may lead to late morbidity and mortality 
manifested as reduced exercise capacity, heart 
failure, endocarditis, supraventricular arrhyth-
mias, reoperation, and cardiac death [34].

Echocardiographic assessment of RV function 
is difficult, but echocardiography also provides 
information on baffle patency, leaks (with con-
trast studies), valvular regurgitation or stenosis 
and, in experienced hands, semiquantitative 
information on RV function [35]. Lissin et  al. 
showed that MRI-derived RV volumes correlate 
positively with echo-derived RV inlet dimensions 
and negatively with the dP/dT of the tricuspid 
regurgitant jet [35]. Furthermore, RV longitudi-
nal function (M mode: wall excursion measured 
from the apex) correlates with CMR-derived RV 
ejection fraction [35]. 

�Conclusions

The complete evaluation of the RV remains a 
challenge, due to its complex shape and func-
tion; in the field of CHD, the RV is an essen-
tial chamber and its function has prognostic 
implications. Echocardiography remains the 
first line of investigation, offering important 
information on RV size and function, and it is 
also very useful for follow-up. In addition, 
CMR is the main imaging technique, offering 

an accurate and complete exploration of 
RV. The use of CMR has led to an important 
progress and a better understanding of the role 
and the evolution of RV in CHD.
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Primary and Secondary Pulmonary 
Hypertension

Carmen Ginghină and Roxana Enache

Abstract

Pulmonary hypertension (PH) is a complex 
syndrome that may complicate different car-
diovascular, respiratory and systemic disor-
ders. Once considered an orphan disease, 
currently things have changed in recent years 
due to major progress seen towards the under-
standing of this multidisciplinary disorder. 
PH is defined as an increase in mean pulmo-
nary artery pressure (PAP) ≥25 mmHg at rest 
as measured invasively by right heart cathe-
terization (RHC). According to common 
pathophysiological and therapeutic character-
istics, 5 clinical groups of PH are defined. 
Pulmonary arterial hypertension (PAH) or 
group 1 of PH includes idiopathic and herita-
ble PAH, PAH associated with connective tis-
sue disorders, congenital heart diseases, 
toxins and drugs, HIV infection and portal 
hypertension. The common feature of these 
PH forms is involvement of the distal pulmo-
nary arteries. In PH, the right ventricle (RV) 
adapts to a dual pressure overload composed 
by the fixed pulmonary vascular resistance 
and the pulsatile pressure overload due to pul-
monary artery stiffness. RV function is the 

main determinant of the outcome in PH 
patients. Based on clinical suspicion or 
screening of high risk populations, transtho-
racic echocardiography establishes the prob-
ability of PH while the RHC is mandatory to 
confirm the diagnosis, to assess the severity of 
haemodynamic impairment and to perform 
pulmonary vasoreactivity testing in selected 
PAH patients and to assess the response to 
PAH treatment or confirm disease worsening. 
Other diagnostic tools are useful to identify 
the different forms of PAH and PH and to test 
the exercise capacity of the patients. Treatment 
of PAH has evolved considerably over the 
past 30 years, in part due to the advances in 
knowledge of the disease and the availability 
of drugs that target known pathways in the 
disease pathobiology. Despite this real prog-
ress, PAH remains a chronic progressive dis-
order. Current therapeutic approaches are 
medical therapy, interventional and surgical 
procedures.
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Pulmonary hypertension (PH) is a complex 
syndrome that may complicate various cardio-
vascular, respiratory and systemic disorders. 
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Once considered an orphan disease, currently 
things have changed due to major progress of 
recent years seen towards the understanding of 
this complex and multidisciplinary disorder.

15.1	 �Definition and Classifications

PH is defined as an increase in mean pulmonary 
artery pressure (PAP) ≥25 mmHg at rest as mea-
sured invasively by right heart catheterization 
[1], since normal values of mean PAP in the gen-
eral population are 14 ± 3 mmHg, with an upper 
limit of the normal range of 21 mmHg at rest [2].

The term primary PH was used to define an 
idiopathic increase in pulmonary vascular pres-
sure while secondary PH was employed for all 
the forms of PH in which an underlying cause 
could be identified. Nowadays, according to 
common pathophysiological and therapeutic 
characteristics, the current guidelines on the 
management of PH define 5 clinical groups of PH 
(Table 15.1).

Pulmonary arterial hypertension (PAH) or 
group 1 of PH requires an increase in mean PAP 

≥25 mmHg, a normal pulmonary arterial wedge 
pressure (PAWP) ≤15  mmHg and high pulmo-
nary vascular resistance (PVR) ≥3 Wood units 
[1].

Besides the clinical classification of PH, of 
great clinical use is the functional classification, 
an adaptation of the NYHA classification of heart 
failure, which allows grading the clinical severity 
of this disorder (Table 15.2).

Table 15.1  Clinical classification of pulmonary hyper-
tension (adapted from [1])

1. Pulmonary arterial hypertension
 �   1.1. Idiopathic
 �   1.2. Heritable
 �       1.2.1. BMPR2 mutation
 �       1.2.2. �Other mutations (ACVRL-1, ENG, 

SMAD9, CAV1, KCNK3)
 �   1.3. Drugs and toxins induced
 �   1.4. Associated with:
 �       1.4.1. Connective tissue disease
 �       1.4.2. �Human immunodeficiency virus 

infection
 �       1.4.3. Portal hypertension
 �       1.4.4. Congenital heart disease
 �       1.4.5. Schistosomiasis

1′. �Pulmonary veno-occlusive disease and/or 
pulmonary capillary haemangiomatosis

 �   1′.1. Idiopathic
 �   1′.2. Heritable
 �       1′.2.1. Mutația EIF2AK4
 �       1′.2.2. Alte mutații
 �   1′.3. Drugs, toxins and radiation induced
 �   1′.4. Associated with:
 �       1′.4.1. Connective tissue disease
 �       1′.4.2. �Human immunodeficiency virus 

infection

Table 15.1  (continued)

1″. Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension due to left heart disease
 �   2.1. Left ventricular systolic dysfunction
 �   2.2. Left ventricular diastolic dysfunction
 �   2.3. Left valvular heart disease
 �   2.4. �Congenital/acquired left heart inflow/outflow 

tract obstruction and congenital 
cardiomyopathies

 �   2.5. �Congenital/acquired pulmonary veins 
stenosis

3. �Pulmonary hypertension due to lung diseases and/or 
hypoxia

 �   3.1. Chronic obstructive pulmonary disease
 �   3.2. Interstitial lung disease
 �   3.3. �Other pulmonary diseases with mixed 

restrictive and obstructive pattern
 �   3.4. Sleep-disordered breathing
 �   3.5. Alveolar hypoventilation disorders
 �   3.6. Chronic exposure to high altitude
 �   3.7. Developemental lung diseases

4. �Chronic thromboembolic pulmonary hypertension 
and other pulmonary artery obstructions

 �   4.1. �Chronic thromboembolic pulmonary 
hypertension

 �   4.2. Other pulmonary artery obstructions
 �       4.2.1. Angiosarcoma
 �       4.2.2. Other intravascular tumors
 �       4.2.3. Arteritis
 �       4.2.4. �Congenital pulmonary arteries 

stenoses
 �       4.2.5. Parasites (hydatidosis)

5. �Pulmonary hypertension with unclear and/or 
multifactorial mechanisms

 �   5.1. �Haematological disorders: chronic 
haemolytic anaemia, myeloproliferative 
disorders, splenectomy

 �   5.2. �Systemic disorders, sarcoidosis, pulmonary 
histiocytosis, lymphangioleiomyomatosis

 �   5.3. �Metabolic disorders: glycogen storage 
disease, Gaucher disease, thyroid disorders

 �   5.4. �Others: pulmonary tumoral thrombotic 
microangiopathy, fibrosing mediastinitis, 
chronic renal failure (with/without 
dialysis), segmental pulmonary 
hypertension
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A third classification of PH reflects the vari-
ability of haemodynamic parameters (PVR, 
PAWP) in PH. According to this haemodynamic 
classification, PH may be defined as:

•	 Pre-capillary PH: mean PAP ≥25 mmHg and 
PAWP ≤15 mmHg. This haemodynamic pro-
file is found in clinical groups 1, 3, 4, 5 [1].

•	 Post-capillary PH: mean PAP ≥25 mmHg and 
PAWP >15 mmHg. This haemodynamic profile 
is found in clinical groups 2 and 5. According 
to the diastolic pressure gradient (DPG, the dif-
ference between the diastolic PAP and the mean 
PAWP), post-capillary PH is defined as isolated 
post-capillary PH (DPG <7  mmHg and/or 
PVR ≤3 Wood units) or combined post-capil-
lary and pre-capillary PH (DPG ≥7  mmHg 
and/or PVR >3 Wood units) [1].

15.2	 �Epidemiology, Genetics 
and Risk Factors

The reported incidence of PAH in developed 
countries is 1.1–7.6 cases per million adults per 
year, and the prevalence is 6.6–26 cases per 

million adults [4]. For Europe, the prevalence 
and incidence of PAH is 15 cases per million 
adults and 2.4 cases per million adults per year, 
while the prevalence of idiopathic PAH is 5.9 
cases per million adults [1]. The ratio 
females:males is 1.7–3.5 but the survival rates 
are greater in female patients [4]. While the first 
American Registry on PAH reported a mean 
age of 36 years for the patients with idiopathic 
PAH, the current registries data report a mean 
age of 50–65  years at diagnosis [1, 4]. Most 
American and European registries report idio-
pathic PAH as the most common type of PAH 
(50–60% of all cases), followed by PAH associ-
ated to connective tissue disease, congenital 
heart disease and porto-pulmonary PAH [4]. 
PH due to left heart disease is found in 60% of 
patients with left ventricular severe systolic 
dysfunction, in 70% of patients with left ven-
tricular diastolic dysfunction, in all patients 
with severe symptomatic mitral valve disease 
and in 65% of patients with severe symptom-
atic aortic stenosis [1]. The prevalence of PH in 
advanced stages of chronic obstructive pulmo-
nary disease is increased (18–50%) but the PAP 
values are not very high, while in interstitial 
fibrosis is 32–39% [1, 4]. The incidence of 
chronic thromboembolic pulmonary hyperten-
sion (CTEPH) is 3–30 cases per million general 
population per year [5], and 0.5–2% of patients 
with an episode of acute pulmonary embolism 
develop CTEPH [1].

Idiopathic PAH occurs predominantly as 
sporadic cases, without known history of famil-
ial cases of PAH or risk factors. The prevalence 
of heritable PAH is between 6% and 10%, most 
cases (75%) occur due to a mutation in BMPR2 
(bone morphogenetic protein receptor 2) gene 
that encodes a type 2 receptor (BMPR2) belong-
ing to the TGF-β receptor superfamily. The 
BMPR2 receptor is involved in the regulation of 
growth, differentiation, and apoptosis of pulmo-
nary artery endothelial and smooth muscle cells 
[6, 7]. Over 300 independent BMPR2 mutations 
were identified in familial cases of PAH but also 
in 25% of sporadic cases of PAH [6]. Heritable 
PAH affects twice as many females as males. 
Also, BMPR2 mutation carriers are younger at 
the time of diagnosis of PAH and have more 
severe haemodynamic compromise (higher 

Table 15.2  Functional classification of pulmonary hyper-
tension modified after the New  York Heart Association 
(NYHA) functional classification of heart failure according 
to the World Health Organization (WHO) [3]

WHO 
class Definition

I Patients with pulmonary hypertension but 
without resulting limitation of physical activity. 
Ordinary physical activity does not cause undue 
dyspnoea or fatigue, chest pain or near syncope

II Patients with pulmonary hypertension resulting 
in slight limitation of physical activity. They 
are comfortable at rest. Ordinary physical 
activity causes undue dyspnoea or fatigue, 
chest pain or near syncope

III Patients with pulmonary hypertension resulting 
in marked limitation of physical activity. They 
are comfortable at rest. Less than ordinary 
activity causes undue dyspnoea or fatigue, 
chest pain or near syncope

IV Patients with pulmonary hypertension with 
inability to carry out any physical activity 
without symptoms. These patients manifest 
signs of right heart failure. Dyspnoea and/or 
fatigue may even be present at rest. Discomfort 
is increased by any physical activity
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mean PAP, lower cardiac output, higher PVR, 
and a lower likelihood of having an acute vaso-
dilator component). Therefore BMPR2 mutation 
carriers are more likely to die sooner or to 
undergo transplantation than patients with idio-
pathic PAH [6]. A personal or familial history of 
hereditary hemorrhagic telangiectasia in 
patients with PAH led to the identification of 
other genes involved in the development of 
PAH: activin A receptor type II–like kinase 1 
(ACVRL1 or ALK1) and endoglin (ENG). 
Furthermore, mutations in other genes (i.e., 
BMPR1B, CAV1, SMAD9 and KCNK3) have 
been identified but are less common (5% of 
cases) [1, 6]. Approximately 20% of families 
with heritable PAH have no detectable known 
mutation [8].

In patients with pulmonary veno-occlusive 
disease (PVOD)/pulmonary capillary haeman-
giomatosis (PCH) other heritable forms of PH 
have been described. Recessive mutations in 
EIF2AK4 gene that encodes a serine-threonine 
kinase which can induce changes in gene expres-
sion in response to amino acid deprivation were 
detected in all families with PVOD studied in 
the French National Registry and in 5 of 20 his-
tologically confirmed sporadic cases of PVOD/
PCH [9].

A number of drugs and toxins have been iden-
tified as risk factors for the development of PAH 
and they were categorized according to the 
strength of evidence, as definite, likely, possible, 
or unlikely [8]. Table  15.3 displays the risk 
factors currently associated with PAH 
development.

15.3	 �Pathology and Pathobiology 
of Pulmonary Circulation 
and Adaptive Mechanisms 
of the Right Ventricle

Due to the heterogeneity of PH forms, different 
pathologic features characterize the diverse clini-
cal groups. In PAH the disease affects mainly the 
distal pulmonary arteries (≤500 μm in diameter) 
and the characteristic lesions are medial hypertro-
phy, intimal proliferation and fibrosis, adventitial 
thickening with moderate perivascular inflamma-
tory infiltrates, plexiform and dilation lesions and 
thrombotic lesions [10]. In PVOD, the septal veins 
and preseptal venules are involved and exhibit 
occlusive fibrotic lesions, venous muscularization, 
patchy capillary proliferation, pulmonary edema, 
occult alveolar hemorrhage, lymphatic dilation 
with lymph node enlargement, and inflammatory 
infiltrates and also the distal pulmonary arteries 
are affected by medial hypertrophy, intimal fibro-
sis, and uncommon complex lesions [10].

In PH due to left heart disease, the pathologic 
features are enlarged and thickened pulmonary 
veins, dilated capillaries, interstitial edema, alveolar 
hemorrhage, and enlargement of the lymphatic ves-
sels and lymph nodes. The distal pulmonary arteries 
may also be involved with medial hypertrophy and 
intimal fibrosis. In PH due to lung diseases and/or 
hypoxia, medial hypertrophy and intimal obstruc-
tive proliferation of the distal pulmonary arteries are 
observed. In CTEPH, organized thrombi are 
attached to the medial layer in the elastic pulmonary 
arteries and replace the normal intima and may 
occlude the lumen or form different grades of steno-
sis, webs, and bands. In non-occluded areas, a pul-

Table 15.3  Risk factors for drugs and toxin-induced pulmonary arterial hypertension (adapted from [3])

1. Definite 2. Likely 3. Possible

 �   Aminorex  �   Amphetamines  �   Cocaine

 �   Fenfluramină � �   Dasatinib  �   Phenylpropanolamine

 �   Dexfenfluramină  �   l-tryptophan  �   St. John’s Wort

 �   Toxic rapeseed oil  �   Methamphetamines  �   Amphetamine-like drugs

 �   Benfluorex
 � �  Selective serotonin reuptake 

inhibitors

 �   Interferon α and β
 � �  Chemotherapeutic agents (mytomycine C, 

cyclophosphamide)
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monary arteriopathy similar to that of PAH is found. 
Collateral arteries from the systemic circulation 
(from bronchial, costal, diaphragmatic, and coro-
nary arteries) can develop and perfuse the areas dis-
tal to complete occlusions [10].

In PH there is an imbalance in vasoconstriction 
and vasodilation, thrombosis, and cell prolifera-
tion and remodeling of pulmonary arterial wall 
that contributes to increased PVR. Pulmonary 
vascular remodeling involves the three layers of 
small arteries (intima, media, adventitia) and all 
cell types (endothelial, smooth muscle, and fibro-
blast), as well as inflammatory cells and platelets. 
Excessive pulmonary vasoconstriction is due to 
an abnormal function or expression of potassium 
channels and to endothelial dysfunction. 
Endothelial dysfunction is characterized by 
impaired production of vasodilators such as nitric 
oxide (NO) and prostacyclin, along with overex-
pression of vasoconstrictors such as endothelin-1. 
Recent research showed the role of other media-
tors such as angiopoietins, serotonin, bone mor-
phogenetic proteins (BMPs), and growth factors 
(platelet-derived growth factor [PDGF], fibro-
blast growth factor [FGF], epidermal growth fac-
tor [EGF], and the transforming growth factor-beta 
[TGF-β] superfamily) in the PH pathobiology. 
Abnormal proteolysis of the extracellular matrix, 
autoimmunity, inflammation, altered metabolism 
and mitochondrial function seem also involved in 
pulmonary vascular remodeling in PH [11].

In PH, the right ventricle (RV) has to adapt to a 
dual pressure overload composed by the fixed 
pulmonary vascular resistance and the pulsatile 
pressure overload due to the pulmonary artery 
stiffness. The RV adapts to the pressure overload 
by an increase in wall thickness. Initially, the RV 
hypertrophy maintains a normal wall stress due to 
the Laplace law and also a normal performance of 
RV with a normal cardiac output at rest. In time, 
this adaptive mechanism fails and RV dilation and 
contractile dysfunction occur with a supplemental 
increase in wall stress and RV hypertrophy. RV 
myocardial ischemia may develop due to an 
increase in wall pressure and a decrease in the 
right coronary artery perfusion. Thus, the RV 

adaptation and remodeling in PH is a complex 
process influenced not only by the severity of pul-
monary vasculopathy but also by the interaction 
between the neurohormonal activation, the coro-
nary perfusion and the myocardial metabolism. 
Also, the time of PH onset, the underlying PH eti-
ology and genetic factors may also impact this 
process. There are two forms of RV remodeling in 
PH based on the above-mentioned factors: adap-
tive RV remodeling with a concentric hypertro-
phy and preserved systolic and diastolic function 
(seen in patients with Eisenmenger syndrome) 
and maladaptive RV remodeling with eccentric 
hypertrophy and systolic and diastolic dysfunc-
tion (seen in patients with idiopathic PAH or PAH 
associated with connective tissue disease) [12]. 
The concept of ventriculo-arterial coupling, 
meaning the enhancing in RV contractility in 
order to maintain flow in the presence of an 
increased vascular load, is essential in under-
standing the RV pathophysiology in PH. Due to 
ventriculo-arterial coupling the stroke volume 
changes little while preserving ventricular effi-
ciency. In time, RV dilation occurs in an attempt 
to limit the reduction in stroke volume and to 
maintain RV contractility. Consequently, 
increased wall stress, leftward septal bowing and 
impaired RV and left ventricular function occur. 
In the final stages of the disease, ventriculo-arte-
rial uncoupling induces high metabolic demand 
and reduced cardiac output [13].

15.4	 �Diagnosis

Clinical Presentation  The onset of symptoms 
may be insidious in PH, delaying the moment of 
diagnosis with more than 2 years [14]. The most 
common symptom is exertional dyspnoea that is 
progressive to resting dyspnoea. A reduced exer-
cise capacity, fatigue, weakness, lightheadedness 
and dry cough occur in the first stages of the dis-
ease, while in the advanced stages patients may 
experience exertional syncope due to the RV 
inability of increasing the cardiac output during 
exertion and exertional angina due to functional 
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ischemia of the RV, dilation of the pulmonary 
artery during effort or extrinsic compression of the 
left main coronary artery by the dilated pulmonary 
trunk [1, 15]. Also, in the advanced stages symp-
toms of right heart failure occur with abdominal 
distention and lower extremity edema. Other 
symptoms are haemoptysis related to rupture of 
hypertrophied bronchial arteries, hoarseness due 
to the compression of the left recurrent laryngeal 
nerve, wheeze caused by large airway compres-
sion. Significant dilation of the pulmonary artery 
may result in its rupture or dissection, leading to 
signs and symptoms of cardiac tamponade [1].

The physical examination can be nonspecific 
or may reveal typical PH signs: accentuated pul-
monary component and/or split S2, early systolic 
click and midsystolic ejection murmur in the pul-
monary area, left parasternal lift, right ventricular 
S4. In more advanced cases, there are signs of 
severe PH, such as holosystolic murmur of tricus-
pid regurgitation, diastolic murmur of pulmonary 
regurgitation, increased jugular v waves, pulsa-

tile liver and hepatojugular reflux and signs of 
RV failure, such as right ventricular S3, disten-
sion of jugular veins, hepatomegaly, peripheral 
edema, ascites, low blood pressure, cool extremi-
ties. Crackles are usually absent [1].

The clinical examination may suggest a pos-
sible underlying cause of PH.  Central cyanosis 
and clubbing indicate a congenital heart disease 
or hypoxemia, intrapulmonary shunt, 
POVD. Systolic and diastolic murmurs of the left 
heart may reveal a left heart disease. 
Telangiectasia, digital ulceration, sclerodactyly, 
Raynaud phenomenon are seen in scleroderma. 
Inspiratory crackles, protracted expiration, acces-
sory musle use, productive cough may point 
towards interstitial lung disease and spider naevi, 
testicular atrophy, palmar erythema, icterus, asci-
tes suggest liver disease [1].

Electrocardiogram may be normal but usually 
suggests right heart involvement with right atrial 
enlargement, right-axis deviation, and right ven-
tricular hypertrophy (Fig.  15.1), often with a 

Fig. 15.1  Electrocardiogram of a patient with PAH: sinus rhythm, 73 bpm, QRS axis + 120°, incomplete right bundle 
branch block, right ventricular hypertrophy with inverted T waves in V1–V4, lead III and aVF
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strain pattern, right bundle branch block, and 
QTc prolongation [1, 16]. Atrial arrhythmias 
(atrial flutter, atrial fibrillation) may be present in 
advanced disease.

Chest radiograph is abnormal in 90% of 
patients at the moment of diagnosis [14]. Chest 
X-ray reveals central pulmonary arterial dilata-
tion (Fig. 15.2), which contrasts with ‘pruning’ 
(loss) of the peripheral blood vessels. Right 
atrium (RA) and RV enlargement may be seen in 
advanced cases. It is also useful in the diagnosis 
of PH due to left heart disease with pulmonary 
venous congestion and enlargement of the left 
heart or PH due to lung disease [1].

Transthoracic echocardiography is an essen-
tial investigation in patients with PH: it estab-
lishes the probability of PH in patients with 
clinical suspicion, it may reveal the PH etiology 
(congenital heart disease, left heart disease, 
CTEPH with thrombi in pulmonary artery trunk 
or its main branches), it evaluates the PH conse-
quences on right chambers size, RV function and 
left ventricular function, it allows patients’ fol-
low-up with or without specific PH treatment. 
Also, echocardiography is a useful noninvasive 
screening tool in populations at risk of develop-

ing PH (scleroderma patients, relatives of patients 
with idiopathic PAH or PH mutation carriers).

Echocardiography offers an estimation of pul-
monary artery pressures: systolic PAP based on 
the tricuspid regurgitation jet velocity (Fig. 15.3), 
mean and diastolic PAP based on the pulmonary 
regurgitation jet (Fig. 15.4), using the Bernoulli 
equation: RV-RA pressure gradient = 4 × (peak 
velocity)2 and the estimation of right atrial pres-
sure based on the dimensions and the respiratory 
variability of the inferior vena cava [17]. Also, an 
estimation of PVR using echocardiography is 
possible but the available formulas are applicable 
only for PVR less than 8 Wood units [17].

Echocardiography shows also indirect signs of 
PH presence: flattening of the interventricular 
septum with a D-shape left ventricle (LV), 
enlargement of the RV with a RV/LV ratio >1.0 at 
basal level (Fig. 15.5), enlarged pulmonary artery 
trunk (>25 mm), pulmonary regurgitation with an 
early diastolic velocity >2.2  m/s, RV outflow 
acceleration time >  105  ms and/or midsystolic 
notching (Fig.  15.6), enlargement of the RA 
(end-systolic area >18  cm2), enlarged inferior 
vena cava (>21 mm) with decreased inspiratory 
collapse (<50% with a sniff) (Fig.  15.7). 
Considering the peak tricuspid regurgitation 
velocity and the presence of indirect signs of PH, 
the probability of PH can be establish using the 
echocardiography (Table 15.4) [1].

The presence of pericardial effusion revealed 
by echocardiography is a parameter of worse 
prognosis in PH patients. Echocardiography is 
also required for the assessment of parameters of 
systolic and diastolic RV function, these param-
eters and not PAP values being useful as prognos-
tic factors in the follow-up of PH patients. 
Tricuspid annular plane systolic excursion 
(TAPSE), TDI-derived RV free-wall systolic 
velocity (S-wave), Tei index, RV fractional area 
change, RV isovolumic acceleration, RV free-
wall longitudinal strain as parameters of RV sys-
tolic function (Figs.  15.8, 15.9, and 15.10) and 
E/A ratio at tricuspid level, RV free-wall e′ and 
E/e′ ratio as parameters of RV diastolic function 
are frequently used to assess RV function in clini-
cal practice.

Fig. 15.2  Chest radiograph of a patient with PAH: 
enlarged main and hilar pulmonary artery shadows with 
attenuation of the peripheral vasculature and right cham-
bers enlargement
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Fig. 15.4  Transthoracic echocardiography, parasternal 
short axis view, continuous-wave Doppler examination at 
the level of pulmonary valve: an early diastolic pulmo-
nary regurgitation velocity of 4.76  m/s and an end-

diastolic pulmonary regurgitation velocity of 3.67 m/s is 
measured, allowing an estimation of mean PAP of 
96 mmHg and diastolic PAP of 59 mmHg

Fig. 15.3  Transthoracic echocardiography, apical 
4-chambers view, continuous-wave Doppler examina-
tion at the level of tricuspid valve: a peak tricuspid 

regurgitation velocity of 5.57 m/s is measured, allowing 
an estimation of systolic PAP of 129 mmHg
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a b

Fig. 15.5  Transthoracic echocardiography, 2D examina-
tion: indirect signs of pulmonary hypertension based on 
the ventricles with RV dilation an RV/LV ratio >1 in api-

cal 4-chambers view (a) and flattening of the interven-
tricular septum with left ventricular eccentricity index 
>1.1 in parasternal short axis view (b)

a

b

Fig. 15.6  Transthoracic 
echocardiography: 
indirect signs of 
pulmonary hypertension 
based on the pulmonary 
artery: short right 
ventricular outflow 
acceleration time 
(92 ms) and midsystolic 
notching (a), pulmonary 
regurgitation with 
early diastolic velocity 
of 4.5 m/s (b) and 
pulmonary trunk dilation 
of 52 mm (c)
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Ventilation/perfusion lung scan should be per-
formed in all patients with PH as a screening test 
in order to exclude CTEPH as it is more sensitive 
than computed tomography pulmonary angio-
gram [18]. A normal or low-probability ventila-
tion/perfusion scan excludes CTEPH with a 
sensitivity of 90–100% and a specificity of 
94–100%. In PAH and also in PVOD the ventila-
tion/perfusion scan may be normal or it may 
show small peripheral unmatched and non-
segmental perfusion defects. When a ventilation/
perfusion scan is not available, a recent chest 
radiograph or a high-resolution computed tomog-
raphy of the lungs can be matched with a perfu-
sion lung scan (Fig. 15.11) [1].

a b

Fig. 15.7  Transthoracic echocardiography: indirect signs 
of pulmonary hypertension based on the right atrium (RA) 
and inferior vena cava (IVC): IVC dilation (29 mm) with 

decreased inspiratory collapse of 10% (a) și RA enlarge-
ment with end-systolic area of 33.7 cm2 (b)

Table 15.4  Echocardiographic probability of pulmonary 
hypertension (adapted from [1])

Peak tricuspid 
regurgitation 
velocity

Indirect echo 
signs of PHa

Echocardiographic 
probability of PH

≤2.8 m/s or not 
measurable

No Low

≤2.8 m/s or not 
measurable

Yes Intermediate

2.9–3.4 m/s No

2.9–3.4 m/s Yes High

> 3.4 m/s Not 
required

aIndirect echo signs of PH are discussed in the text and 
illustrated in Figs.  15.5, 15.6, and 15.7. PH pulmonary 
hypertension

Fig. 15.6  (continued) c
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High-resolution computed tomography is an 
important tool in the assessment of patients with 
PH. It may suggest the presence of PH showing 
the enlargement of pulmonary artery or the right 
chambers, it identifies the underlying etiology of 
PH in lung diseases or CTEPH or it brings impor-
tant information and supports the diagnosis when 
there is a clinical suspicion of PVOD (interstitial 
oedema with diffuse central groud-glass opacifi-
cation and thickening of interlobular septa) or 
PCH (diffuse bilateral thickening of the interlob-
ular septa and the presence of small, centrilobu-
lar, poorly circumscribed nodular opacities) [1]. 
However, ground-glass abnormalities are also 
present in PAH (Fig. 15.12), occurring in more 
than one-third of patients [19].

Pulmonary angiography is mandatory in 
CTEPH patients in order to identify those who 
would benefit from pulmonary endarterectomy or 
balloon pulmonary angioplasty [1].

Cardiac magnetic resonance imaging pro-
vides a very accurate assessment of RV size, 
morphology and function and allows non-
invasive assessment of blood flow, including 
stroke volume, cardiac output, pulmonary artery 
distensibility [1]. It helps to define better congen-
ital heart diseases when echocardiography is 
incomplete and it may diagnose CTEPH in 
patients with contraindication to CT examina-
tion. Also, CMR provides prognostic information 
in PAH patients: a RV end-diastolic volume index 
lower than 84 mL/m2, a LV end-diastolic volume 

Fig. 15.8  Transthoracic 
echocardiography, 
apical 4-chambers view, 
mode M examination at 
the lateral tricuspid 
annulus: a decreased 
TAPSE (10 mm) is 
measured in a patient 
with PAH and severe 
RV global systolic 
dysfunction

Fig. 15.9  Transthoracic 
echocardiography, apical 
4-chambers view, tissue 
Doppler imaging at the 
lateral tricuspid annulus: 
there is longitudinal RV 
dysfunction in a patient 
with PAH and severe RV 
global systolic dysfunction 
(S wave 5 cm/s)
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index higher than 40 mL/m2, and a stroke volume 
index higher than 25 mL/m2 are associated with 
better survival in patients with idiopathic PAH 
[20]. A RV ejection fraction lower than 35% on 
CMR is also predictive of mortality [21].

Pulmonary function tests and arterial blood 
gases are useful to assess for obstructive or 
restrictive lung disease. Patients with PAH may 
have mild restriction and mildly reduced diffu-

sion capacity of carbon monoxide (DLCO). 
A severely decreased DLCO is associated with a 
poor outcome. A severely decreased DLCO 
requires the differential diagnosis with 
scleroderma- associated PAH, PVOD or intersti-
tial lung diseases [1].

Blood tests and immunology studies are 
required to screen for connective tissue diseases, 
HIV disease, and liver disease in the diagnostic 

Fig. 15.11  Perfusion 
lung scan in a patient 
with proximal CTEPH: 
perfusion defects are 
observed in the middle 
and inferior right lobes 
and in the entire inferior 
left lobe

Fig. 15.10  Transthoracic 
echocardiography, apical 
4-chambers view, 
speckle-tracking 
examination: a RV 
free-wall strain of −19% 
is measured in a patient 
with PAH and mild RV 
systolic dysfunction
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evaluation. Patients with CTEPH should undergo 
thrombophilia screening [1]. Brain natriuretic 
peptide (BNP) and N-terminal pro-brain natri-
uretic peptide (NT-proBNP) may be elevated in 
patients with PH and these biomarkers are inde-
pendent risk predictors in these patients.

Other investigations such as abdominal ultra-
sound and overnight oximetry are useful in estab-
lishing the etiology of certain forms of PH.

Functional assessment is useful to establish 
the exercise capacity in patients with PH. The 
6-minute walk test (6MWT), a test easy to per-
form, inexpensive and familiar to patients, it is a 
useful prognostic tool and an important param-
eter in the clinical assessment of disease pro-
gression and treatment effect. The 6MW 
distance has been the primary endpoint of 
almost every clinical trial involving PAH to 
date; at present, it remains useful in the longitu-
dinal assessment of the individual patient. 
Cardiopulmonary exercise testing (CPET) pro-
vides information on exercise capacity, gas 
exchange, ventilator efficacy and cardiac func-
tion during exercise. Patients with PAH show a 
typical pattern with a low end-tidal partial pres-
sure of carbon dioxide (pCO2), high ventilator 
equivalents for carbon dioxide (VE/VCO2), low 
oxygen pulse (VO2/HR) and low peak oxygen 
uptake (peak VO2). Several variables deter-

mined by CPET provide prognostic informa-
tion, although peak VO2 is most widely used for 
therapeutic decision [1, 22].

Right heart catheterization (RHC) is manda-
tory to confirm the diagnosis of PAH and 
CTEPH, to assess the severity of haemodynamic 
impairment and to perform pulmonary vasoreac-
tivity testing in selected patients: patients with 
idiopathic PAH, heritable PAH and drugs and 
toxin-induced PAH [1]. RHC is also useful to 
assess the response to PAH treatment or to con-
firm disease worsening. In patients with PH 
group 2 or 3, RHC may assist in the differential 
diagnosis and the decision-making process, 
including the referral for organ transplantation. 
Besides confirming the presence of PH by mea-
suring a mean PAP ≥25  mmHg, RHC allows 
various haemodynamic measurements such as 
PAP pressures, PAWP, RA pressure, RV pres-
sures, cardiac output and cardiac index, PVR, 
calculated as (meanPAP-PAWP)/cardiac output, 
and total PVR, calculated as meanPAP/cardiac 
output, oxygen saturation. Measurement of 
PAWP is of most importance as it helps discrimi-
nate between pre-capillary PH forms that may 
benefit from specific treatment and post-capil-
lary PH. It should be measured at end-expiration 
and in several different segments of the pulmo-
nary vasculature. When PAWP measurement is 
inaccurate, measurement of LV end-diastolic by 
left heart catheterization is required in order to 
correctly classify a pre- or post-capillary 
PH.  Sometimes the effect of an acute volume 
challenge on left heart filling pressures (e.g., a 
fluid bolus of 500 mL) may distinguish between 
PAH patients and patients with LV diastolic dys-
function in whom initial PAWP was reduced due 
to diuretic treatment [23].

Acute pulmonary vasoreactivity testing for 
identification of patients suitable for high-dose 
calcium channel blocker treatment is performed 
at the time of RHC using inhaled nitric oxide 
(NO) at 10–20 parts per million or, as alterna-
tives, intravenous epoprostenol, intravenous 
adenosine or inhaled iloprost. A positive acute 
vasodilator response is defined as a reduction of 

Fig. 15.12  High-resolution computed tomography in a 
patient with PAH: enlargement of the pulmonary artery 
and ground-glass abnormalities are observed
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the mean PAP ≥10 mmHg to an absolute mean 
PAP value ≤40  mmHg with an increased or 
unchanged cardiac output. Only about 10% of 
patients with idiopathic PAH will meet these cri-
teria and only a small percentage of these acute 
responders will maintain a long-term vasodilator 
response to calcium channel blockers. 
Vasoreactivity testing is not recommended in 
other types of PAH except for idiopathic PAH, 
heritable PAH and drugs-induced PAH nor in PH 
groups 2, 3, 4 and 5 [1].

Genetic testing and counseling should be 
offered to patients with sporadic PAH or PVOD/
PCH, anorexigen-induced PAH and to patients 
with a family history of PAH or PVOD/PCH [1].

15.5	 �Prognostic Evaluation 
and Risk Assessment

During the 1980s, an American registry was 
established to study the natural history of patients 
with primary pulmonary hypertension (i.e., idio-
pathic PAH or heritable PAH) receiving no PAH-
specific therapy. From this registry, a median 
survival of 2.8 years was reported in the overall 
population, with 1-, 3-, and 5-year survival rates 
of 68%, 48%, and 34%, respectively [14]. From 
the National Institutes of Health (NIH) registry 
dataset, a formula was developed to predict the 
mortality risk for idiopathic PAH or heritable 
PAH and anorexigen-associated PAH on the 
basis of 3 baseline haemodynamic parameters 
(mean PAP, mean RA pressure, and cardiac 
index) [24]. Many long-term studies have com-
pared predicted survival on the basis of this for-
mula to observed survival in various PAH 
populations, and in nearly every report, the com-
parison has favoured specific PAH therapy. 
Recent data from several contemporary PAH 
registries have suggested that survival estimates 
as predicted by the NIH formula may no longer 
be accurate in the current era of PAH specific 
therapy. In 247 patients with idiopathic, familial, 
and anorexigen-associated PAH from the 

Pulmonary Hypertension Connection registry 
(i.e., etiologies similar to those in the NIH 
model) who received various PAH treatments 
from 1991 to 2007, observed survival was sig-
nificantly higher than NIH-predicted survival at 
1 year (92% vs. 65%), 3 years (75% vs. 43%), 
and 5 years (66% vs. 32%), respectively. Another 
registry of 354 adults in France with idiopathic, 
familial, or anorexigen- associated PAH who 
received various PAH treatments also observed 
similar 1-, 3-, and 5-year survival rates (83%, 
67%, and 58%, respectively), which were 
approximately 10% points higher than those pre-
dicted by the NIH formula [25]. Although none 
of the recent registry studies specifically exam-
ined the response to therapy as a predictor of sur-
vival, several developed new predictive models 
that include multiple risk factors known to be 
influenced by current medical therapy (e.g., 
6MWD, B-type natriuretic peptide, hemody-
namic parameters, WHO functional class). 
Therefore, specific PAH therapy should have a 
positive impact on survival in patients whose 
response to therapy places them in a better risk 
category for these models [25].

According to current guidelines, the evalua-
tion of disease severity and the patients’ 
outcomes using the 1-year mortality risk assess-
ment before the initiation and during the PAH 
treatment is obtained by periodic follow-up of 
the patients at 3–6  months intervals and at 
every clinical worsening. In order to assess the 
risk of clinical worsening and/or mortality, a 
panel of clinical, functional, biological, echo-
cardiographic and haemodynamic parameters 
with recognized prognostic value in patients 
with PAH is recommended (Table  15.5). 
According to these parameters, 1-year risk of 
mortality is established: less than 5% (low 
risk), 5–10% (intermediate risk) and more than 
10% (high risk). Also, considering these pre-
dictive factors the treatment response is 
assessed: an adequate treatment response is 
defined by achievement/maintenance of a low-
risk profile [1].
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15.6	 �Treatment of Pulmonary 
Arterial Hypertension

Treatment of PAH has evolved considerably over 
the past three decades, in part due to the advances 
in knowledge of the disease and the availability 
of agents that target known pathways in the dis-
ease pathobiology. Despite this real progress, 
PAH remains a chronic progressive disorder. 
Current therapeutic approaches are medical ther-
apy, interventional and surgical procedures.

General Measures  Education of the patients 
and their family on the disease state is an impor-
tant aspect in the care of patients with PAH. Low-
level progressive aerobic exercise such as 
walking, cycling and swimming is recommended. 
Patients are advised against heavy physical exer-
tion and isometric exercise due to the risk of exer-
tional syncope. The benefits of cardiopulmonary 
rehabilitation with increased exercise tolerance, 
distance at 6MWT and quality of life have been 
demonstrated [26]. A low sodium diet is advised 

especially for the management of volume status in 
patients with right ventricular failure.

The haemodynamic fluctuations of pregnancy, 
labor, delivery, and the postpartum period are 
potentially life-threatening in patients with PAH, 
with a maternal mortality rate of 30–50% [7]. 
Accordingly, current guidelines recommendation 
is to avoid pregnancy in women with PAH [1] 
and effective birth control methods, especially 
barrier methods or progesterone-only prepara-
tions, should be discussed. A contemporary 
account of pregnancies in patients with PAH 
described 26 pregnancies at 13 PAH centers in 
women with well-controlled PAH, with three 
deaths, a case of refractory right-sided heart fail-
ure in one patient, who underwent heart-lung 
transplantation postpartum, two spontaneous and 
six induced abortions and an overall pregnancy 
success rate of 62% (a healthy baby without 
maternal complications) [27].

Routine immunizations, such as those against 
influenza and pneumococcal pneumonia, supple-
mental O2 during prolonged flights in patients with 

Table 15.5  One-year mortality risk assessment in pulmonary arterial hypertension [1]

Prognostic factors Low risk <5% Intermediate risk 5–10% High risk >10%

Clinical signs of right heart 
failure

Absent Absent Present

Progression of symptoms No Slow Rapid

Syncope No Occasional syncope Repeated syncope

WHO functional class I, II III IV

6-minute walk distance >440 m 165–440 m <165 m

Cardiopulmonary exercise 
testing

Peak VO2 > 15 mL/min/
kg (>65% predicted)
VE/VCO2 slope <36

Peak VO2 11–15 mL/min/
kg (35–65% predicted)
VE/VCO2 slope <36–44.9

Peak VO2 < 11 mL/min/
kg (<35% predicted)
VE/VCO2 slope ≥45

BNP/NT-proBNP plasma 
levels

BNP <50 ng/L
NT-proBNP <300 ng/mL

BNP 50–300 ng/L
NT-proBNP 300–1400 ng/
mL

BNP >300 ng/L
NT-proBNP >1400 ng/
mL

Imaging (echocardiography, 
CMR imaging)

RA area <18 cm2

No pericardial effusion
RA area 18–26 cm2

No or minimal pericardial 
effusion

RA area >26 cm2

Pericardial effusion

Haemodynamics RAP <8 mmHg
CI ≥2.5 L/min/m2

SvO2 > 65%

RAP 8–14 mmHg
CI 2.0–2.4 L/min/m2

SvO2 60–65%

RAP >14 mmHg
CI <2.0 L/min/m2

SvO2 < 60%

BNP brain natriuretic peptide, CI cardiac index, CMR cardiac magnetic resonance, NT-proBNP N-terminal pro-brain 
natriuretic peptide, RA right atrium, RAP right atrial pressure, SvO2 mixed venous oxygen saturation, VE/VCO2 ventila-
tory equivalents for carbon dioxide, VO2 oxygen consumption, WHO World Health Organization
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PAH in WHO functional class III and IV and those 
with arterial blood O2 pressure consistently less 
than 8 kPa (60 mmHg), and epidural anaesthesia in 
the need of elective surgery are recommended [1].

Supportive Therapy  Oxygen supplementation 
to keep saturation higher than 91% and arterial 
blood O2 pressure more than 8 kPa (60 mmHg) is 
advisable [1]. This may not be possible in patients 
with intracardiac shunts (including a patent fora-
men ovale).

Diuretics are indicated to manage fluid over-
load in decompensated right heart failure, with 
close monitoring of serum electrolytes and renal 
function to avoid hypokalaemia and the effects of 
decreased intravascular volume leading to pre-
renal failure [1]. The risk of hypotension is not 
significant since the decreased cardiac output is 
mainly due to the high PVR and not due to the 
decreased vascular volume.

Digoxin is used to decrease the ventricular 
rate in patients with PAH who develop atrial 
tachyarrhythmias.

The rationale of using oral anticoagulants in 
PAH is the presence of vascular thrombotic 
lesions in the pulmonary vasculature, abnormali-
ties in coagulation and fibrinolytic pathways and 
the risk factors for venous thromboembolism. 
Survival benefit of anticoagulants is confined to 
patients with idiopathic, heritable and 
anorexigens-induced PAH, but data supporting 
this evidence is from uncontrolled observational 
series, generally retrospective and single-centre. 
Data from registries and randomized controlled 
trials are inconclusive [28]. That is why current 
guidelines recommendation regarding oral anti-
coagulation in the above-mentioned types of 
PAH has a class IIb, level of evidence C indica-
tion. Little evidence is available on anticoagula-
tion in patients with other forms of PAH, 
although most experts recommend oral antico-
agulation in those with more advanced disease, 
such as patients receiving continuous intravenous 
therapy, in the absence of contraindications [1].

Iron deficiency has been reported in 43% of 
patients with idiopathic PAH, 46% of patients 
with scleroderma-associated PAH and 56% of 
patients with Eisenmenger syndrome and it 

should be treated in these patients, as it may be 
associated with reduced exercise capacity, and 
with a higher mortality, independent of the pres-
ence or severity of anaemia [1].

The use of angiotensin-converting enzyme 
inhibitors, angiotensin-2 receptor antagonists, 
beta-blockers and ivabradine is not recommended 
in patients with PAH unless required by co-
morbidities (i.e. systemic hypertension, coronary 
artery disease or left heart failure) [1].

Specific PAH Drug Therapy  Calcium channel 
blockers are recommended in patients with idio-
pathic, heritable and anorexigens-induced PAH 
who demonstrate a favorable response to acute 
vasodilator testing. The rationale of using cal-
cium channel blockers in PAH is the mechanism 
of action of this class of drugs which block the 
L-type calcium channels reducing the intracellu-
lar calcium and thus inducing vasodilation. The 
daily doses of these drugs that have shown effi-
cacy in idiopathic PAH are relatively high: 120–
240 mg for nifedipine, 240–720 mg for diltiazem 
and up to 20 mg for amlodipine. Because of its 
potential for negative inotropic effects, verapamil 
should be avoided. Patients with idiopathic PAH 
who meet the criteria for a positive acute vasodi-
lator response and are treated with calcium chan-
nel blockers should be followed closely for 
reasons of both safety and efficacy, with a com-
plete reassessment after 3–4  months of therapy 
including RHC. If the patient does not show an 
adequate response, defined as WHO functional 
class I or II with a marked haemodynamic 
improvement (near normalization), specific PAH 
therapy should be initiated. In some cases the 
combination of calcium channel blockers with 
the PAH drugs is required because of further clin-
ical deterioration in the attempt of withdrawal of 
the calcium channel blocker [1]. As stated above, 
very few patients maintain a long-term response 
to this type of vasodilator therapy (less than 7% 
of patients with idiopathic PAH) [29].

Prostacyclin Analogues and Prostacyclin 
Receptor Agonists  Administration of prostanoids 
which act on the prostacyclin I2 pathway in the 
pathophysiology of PAH has been a mainstay of 
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PAH therapy for almost two decades, due to the 
vasodilator and antiprofiferative effects of this 
class. Currently, multiple prostanoids are avail-
able: epoprostenol (continuous intravenous), 
treprostinil (continuous subcutaneous, continuous 
intravenous, intermittent inhaled, oral), iloprost 
(intermittent inhaled, continuous intravenous), 
beraprost (oral).

Epoprostenol was the first therapy approved 
for the indication of idiopathic PAH in 1995, ran-
domized controlled clinical trials demonstrating 
improvements in exercise tolerance, haemody-
namics, quality of life, and survival [30]. 
Observational series have also reported favorable 
effects of intravenous epoprostenol in patients 
with other forms of associated PAH. Epoprostenol 
must be delivered by continuous intravenous 
infusion and it is commonly started in the hospi-
tal at a dose of 2–4 ng/kg/min and titrated upward 
to 20–40 ng/kg/min, depending on the symptoms 
of PAH and the adverse effects of the therapy. 
Common side effects include jaw pain, flushing, 
nausea, diarrhea, rash, and musculoskeletal pain. 
Infections and interruptions in infusion with 
rebound symptoms can be life-threatening [1].

Treprostinil is a tricyclic benzidine analogue 
of epoprostenol stable at ambient temperature, 
thus allowing administration by intravenous and 
subcutaneous routes. The subcutaneous adminis-
tration of treprostinil is accomplished by a micro-
infusion pump and a small subcutaneous catheter. 
The effects of subcutaneous treprostinil in PAH 
were assessed in a randomized controlled trial 
and showed improvements in exercise capacity, 
haemodynamics and symptoms [31]. Treatment 
with subcutaneous treprostinil is initiated at a 
dose of 1–2 ng/kg/min, with doses increasing at a 
rate limited by side effects (local site pain, flush-
ing, headache). The optimal dose varies, ranging 
in the majority of patients between 20 ng/kg/min 
and 80  ng/kg/min [1]. Adverse effects have 
included pain and erythema at the site of the sub-
cutaneous infusion in 85% of patients, leading to 
discontinuation of the treatment in 8% of cases 
on active drug and limiting dose. Other common 
side effects included headache, diarrhea, rash, 
and nausea. Based on bioequivalence data, 
treprostinil has also been approved to be deliv-

ered on a continuous intravenous basis. Also, a 
randomized controlled trial with inhaled trepro-
stinil in PAH patients already on background 
therapy with either bosentan or sildenafil showed 
improvements in exercise capacity, NT-proBNP 
and quality of life measures [32].

Iloprost is a chemically stable prostacyclin 
analogue available for intravenous, oral or aero-
sol administration. Inhaled iloprost has been 
evaluated in one randomized controlled trial in 
which daily repetitive iloprost inhalations (6–9 
times, 2.5–5 μg/inhalation, median 30 μg daily) 
were compared with placebo inhalation in 
patients with PAH and CTEPH and demonstrated 
an increase in exercise capacity and improve-
ment in symptoms, PVR and clinical events [33]. 
Overall, inhaled iloprost was well tolerated, with 
flushing and jaw pain being the most frequent 
side effects. Continuous intravenous administra-
tion of iloprost appeared to be as effective as epo-
prostenol in a small series of patients with PAH 
and CTEPH. The effects of oral iloprost have not 
been assessed in PAH [1].

Beraprost is the first chemically stable and 
orally active prostacyclin analogue that have 
shown an improvement in exercise capacity for 
3–6  months in randomized controlled trials but 
without haemodynamic improvements or long-
term outcome benefits [1].

Selexipag is an orally available, selective 
prostacyclin IP receptor agonist which showed its 
clinical efficacity in an event-driven phase 3 ran-
domized controlled trial that enrolled 1156 
patients. In this trial selexipag in monotherapy or 
in combination therapy with endothelin receptor 
antagonists and/or phosphodiesterase type 5 
inhibitors reduced by 39% a composite morbidity 
and mortality endpoint (including death from all 
causes, hospitalization for worsening of PAH, 
worsening of PAH) [34].

Endothelin Receptor Antagonists  Endothelin-1 
is a potent vasoconstrictor and smooth muscle 
mitogen that contributes to the pathogenesis of 
PAH.  Three endothelin receptor antagonists, 
bosentan, ambrisentan, and macitentan, that act 
on the endothelin pathway in the treatment of 
PAH are currently available.
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Bosentan is an oral active dual endothelin 
receptor type A and B antagonist and the first 
molecule of its class to be synthesized and it is 
available since 2001. This compound has been 
studied in multiple randomized placebo-
controlled trials of idiopathic PAH, connective 
tissue disease-associated PAH and Eisenmenger 
syndrome which showed improvement in exer-
cise capacity, functional class, haemodynamics, 
echocardiographic parameters and time to clini-
cal worsening. Bosentan is currently used widely 
in patients with PAH, with dosing starting at 
62.5  mg twice daily and increased to 125  mg 
twice daily. Increases in hepatic aminotransfer-
ases occurr in approximately 10% of the patients 
and are dose dependent and reversible after dose 
reduction or discontinuation. For these reasons, 
liver function testing is recommended monthly in 
patients receiving bosentan [1]. Other side effects 
include headache, anemia, and edema.

Ambrisentan is an endothelin receptor antago-
nist that preferentially binds with endothelin 
receptor type A that has been studied in two mul-
ticenter, randomized, placebo-controlled trials in 
394 patients with PAH and demonstrated an 
improvement on symptoms, exercise capacity, 
haemodynamics and time to clinical worsening 
in patients with idiopathic PAH and PAH associ-
ated with connective tissue diseases and HIV 
infection [35]. Approved dose is 5 mg daily that 
may be increased to 10 mg daily. The incidence 
of abnormal liver function tests is less than with 
bosentan (0.8–3%). Other side effects of ambris-
entan include headache and lower extremity 
edema [1].

Macitentan, a dual endothelin receptor antag-
onist, has been studied in a phase III long-term 
morbidity and mortality trial in which the pri-
mary endpoint was time to first occurrence of a 
composite endpoint of death, atrial septostomy, 
lung transplantation, initiation of treatment with 
parenteral prostanoids, or worsening PAH. 742 
patients were randomly assigned to either pla-
cebo; macitentan, 3  mg; or macitentan, 10  mg 
daily. There was a 30% and 45% risk reduction in 
the primary endpoint with the 3-mg and 10-mg 
doses, respectively and also an increase in exer-
cise capacity. The most frequent adverse events 

were headache, nasopharyngitis, and anemia. 
The incidence of edema and elevated liver func-
tion test results was similar in the placebo and 
macitentan groups [36].

Phosphodiesterase Type-5 (PDE5) Inhibitors  The 
 reduction in NO synthase in patients with PAH 
impacts the cyclic guanosine monophosphate 
(GMP) pathway. PDE5 inhibition has the poten-
tial to inhibit the hydrolysis of cyclic GMP and 
has proved to be an effective therapy for PAH.

Sildenafil is an orally active, potent and 
selective inhibitor of PDE5. Four randomized 
controlled trials in PAH patients treated with 
sildenafil have confirmed favorable results on 
exercise capacity, symptoms and/or haemody-
namics. Sildenafil is currently approved at a 
dosage of 20 mg three times daily. More impres-
sive hemodynamic improvements were achieved 
with higher doses, and some patients were 
treated with doses of up to 80  mg three times 
daily [37]. Most side effects of sildenafil are 
mild to moderate and mainly related to vasodi-
lation (headache, flushing, epistaxis, dyspepsia, 
myalgia,).

Tadalafil is a once daily dispensed PDE5 
inhibitor. It was studied in a multicenter, random-
ized, placebo-controlled trial in 406 patients 
treated with 2.5, 10, 20 or 40 mg once daily and 
demonstrated favorable results on exercise 
capacity, symptoms, haemodynamics and time to 
clinical worsening at the highest dose [38]. The 
side-effect profile was similar to that of 
sildenafil.

Vardenafil is a twice-daily dispensed PDE5 
inhibitor that showed in 66 treatment-naive PAH 
patients treated with a dose of 5 mg twice daily 
favorable results on exercise capacity, haemody-
namics and time to clinical worsening [39]. The 
side-effect profile was similar to that of 
sildenafil.

Soluble Guanylate Cyclase Stimulators  Riociguat 
is a first-in-class agent that directly stimulates 
soluble guanylate cyclase independent of NO and 
increases the sensitivity of soluble guanylate 
cyclase to NO. A randomized controlled trial of 
443 patients with PAH (some previously treated 
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with endothelin receptor antagonists or nonpar-
enteral prostanoids) treated with riociguat up to 
2.5  mg three times daily demonstrated an 
improvement in the primary endpoint of 6 MW 
distance, as well as multiple secondary endpoints, 
including PVR, NT-pro-BNP, functional class, 
and time to clinical worsening with riociguat 
[40]. The most common adverse events included 
headache and syncope. The combination of rio-
ciguat and PDE-5 inhibitors is contraindicated 
due to hypotension and other relevant side 
effects.

Combination Therapy in PAH  In recent years 
clinical trials showed the efficacy of combination 
therapy in PAH, meaning the simultaneous 
administration of two or three drugs from differ-
ent classes either simultaneously or sequentially 
initiated in order to obtain an adequate response 
to therapy. Initial (upfront) combination therapy 
was recently studied in a multicentre, blinded, 
placebo-controlled trial that compared first-line 
monotherapy with tadalafil or monotherapy with 
ambrisentan with upfront combination therapy 
with tadalafil and ambrisentan in de novo PAH 
patients in functional class II or III and showed a 
50% reduction in clinical failure events (death, 
hospitalization, PAH progression and unsatisfac-
tory clinical status) and improvements in exer-
cise capacity, rate of satisfactory clinical response 
and NT-proBNP plasma levels in the combina-
tion group [41]. Moreover, a pilot study on an 
initial triple combination therapy (bosen-
tan + sildenafil + intravenous epoprostenol) in 19 
patients in WHO functional class III and IV has 
provided evidence of the long-term benefits of 
upfront triple combination therapy in patients 
with severe PAH [42].

Sequential combination therapy is the most 
widely used strategy both in clinical trials and in 
clinical practice: from monotherapy there is an 
addition of a second and then a third drug in cases 
of inadequate clinical response or in cases of 
deterioration. The therapy is considered adequate 
only if the targets are met. The goal-oriented 
treatment strategy has different targets, including 
WHO functional class I or II, and the near-
normalization of resting cardiac index and/or of 

NT-proBNP plasma levels. Sequential combina-
tions with strong evidence from clinical trials are 
macitentan added to sildenafil, riociguat added to 
bosentan, selexipag added to an entothelin recep-
tor antagonist or/and a PDE5 inhibitor, sildenafil 
added to epoprostenol (for PAH patients in WHO 
functional class III) [1].

According to the PAH treatment algorithm 
proposed by the current version of the European 
guidelines on the management of PH [1], initial 
oral combination therapy may be considered in a 
PAH patient with low or intermediate risk (WHO 
class II–III) and initial combination therapy 
including an intravenous prostacyclin analogue is 
recommended in a PAH patient with high risk 
(WHO class IV). Double or triple sequential 
combination therapy is recommended in PAH 
patients with inadequate clinical response to 
monotherapy or initial double combination 
therapy.

Interventional procedures in PAH  Atrial sep-
tostomy creates a right-to-left interatrial shunt, 
decreases right-sided heart filling pressure, 
improves RV function, and improves left-sided 
heart filling and cardiac output. Published reports 
suggest a benefit in patients in WHO functional 
class IV with right heart failure refractory to 
medical therapy or with severe syncopal symp-
toms and in patients awaiting lung transplanta-
tion with unsatisfactory clinical response on 
maximal medical therapy or when medical 
therapy is not available. Balloon atrial septos-
tomy should be avoided in end-stage patients 
presenting with a baseline mean RA pressure 
more than 20 mmHg and O2 saturation at rest less 
than 85% on room air. Atrial septostomy should 
be regarded as a palliative or bridging procedure 
[1].

Lung Transplantation  According to current 
guidelines recommendations, it seems reasonable 
to consider eligibility for lung transplantation 
after an inadequate clinical response to the initial 
monotherapy/combination therapy and to refer 
the patient for transplantation immediately after 
an inadequate clinical response is confirmed on 
maximal combination therapy. The PAH etiology 
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may also help the decision-making process since 
the prognosis varies according to the underlying 
condition: PAH associated with connective tissue 
diseases has a worse prognosis than idiopathic 
PAH, while patients with PAH associated with 
congenital heart disease have a better survival. 
Patients with PVOD and PCH have the worst 
prognosis due to the lack of effective medical 
treatments; these patients should be listed for 
transplantation at diagnosis. Both heart–lung and 
double-lung transplantation have been performed 
in PAH patients, although the threshold for unre-
coverable RV systolic dysfunction and/or LV dia-
stolic dysfunction is not clear. Recent data show 
that survival after double-lung transplantation is 
52–75% at 5 years and 45–66% at 10 years [1].

15.7	 �Pulmonary Arterial 
Hypertension Subsets

Pulmonary arterial hypertension (PAH) group 
includes various clinical conditions with very dif-
ferent demographics, clinical manifestations and 
outcomes united by a common haemodynamic 
measurable parameter of an underlying pulmo-
nary vasculopathy (increased pulmonary vascular 
resistence due to the arterial component).

Idiopathic PAH  Formerly named primary pul-
monary hypertension, idiopathic PAH is a rare 
disease of unknown cause and is the most com-
mon type of PAH in current-day registries. 
Idiopathic PAH corresponds to a sporadic disease 
in which there is neither a family history of PAH 
nor an identified risk factor. Its diagnosis requires 
exclusion of all other known causes of PH and 
PAH and confirmation by RHC.

Heritable PAH  This PAH type requires identifi-
cation of a family member with PAH or a known 
PAH gene mutation. Hereditary transmission of 
PAH has been reported in approximately 6–10% 
of patients with PAH.

Drugs and Toxin-Induced PAH  An association 
between anorexigens (appetite-suppressant drugs 
that increase release and block reuptake of sero-

tonin) and PAH was initially observed in the 
1960s. Epidemiologic studies have also linked the 
development of PAH to rapeseed oil, L-tryptophan, 
and illicit drugs such as methamphetamines. More 
recently, the tyrosine kinase inhibitor dasatinib 
has been associated with the development of 
PAH. From the approval of dasatinib in November 
2006 to September 2010, nine incident cases of 
PAH in patients treated with dasatinib were iden-
tified in the French National Registry [43]. 
Improvement is usually observed after cessation 
of the dasatinib therapy.

PAH Associated with Congenital Heart 
Diseases (CHD)  This type of PAH includes a 
very heterogenous patient population illustrated 
by the clinical classification included in 
Table  15.6. An important feature of PAH in 
patients with CHD is the RV adaptive response to 
elevated PAH (RV adaptive remodeling). With 
onset early in life, marked hypertrophy and pres-
ervation of a fetal-like phenotype occur. As a 
result, these patients can sustain increased after-
load with better RV function for many years or 
decades than can those in whom PAH develops 
later in life. The RV is also relieved by the right-
to-left shunt, sustaining cardiac output at the 
expense of hypoxaemia and cyanosis. Survival of 
patients with Eisenmenger syndrome is better 
than those with idiopathic PAH, with a 3-year 
survival rate of 77% compared with 35% for 
untreated idiopathic PAH [44]. Moreover, the 
worst survival was observed in patients with per-
sistent PAH after defect repair or with small/
coincidental defects as compared with patients 
with Eisenmenger syndrome or those with preva-
lent systemic-to-pulmonary shunts [45].

Operability may be considered in patients 
with prevalent systemic-to-pulmonary shunting 
if PVR <2.3 Wood units (<4 Wood units m2), 
while this is not recommended if PVR >4.6 Wood 
units (<8 Wood units m2). No prospective data 
are available on the usefulness of vasoreactivity 
testing, closure test or lung biopsy for operability 
assessment. Surgical or percutaneous interven-
tion is contraindicated in patients with 
Eisenmenger syndrome and likely is useless in 
patients with small/coincidental defects [1].
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The use of oral anticoagulants in Eisenmenger 
syndrome is controversial: a high incidence of PA 
thrombosis and stroke is reported, but there is 
also an increased risk of haemorrhage and 
haemoptysis. Secondary erythrocytosis is benefi-
cial for adequate tissue O2 delivery and routine 
phlebotomy should be avoided. If symptoms of 
hyperviscosity are present when the haematocrit 
is >65%, phlebotomy with isovolumic replace-
ment should be performed. Iron deficiency should 
be corrected. The empirical use of calcium chan-
nel blockers in Eisenmenger syndrome should be 
avoided [1]. Currently approved PAH-specific 

therapies have demonstrated benefit in patients 
with Eisenmenger syndrome. Bosentan has been 
shown to improve 6MWT and decrease PVR 
after 16 weeks of treatment in WHO functional 
class III patients [46]. Although a beneficial 
effect of bosentan on exercise capacity and qual-
ity of life in this group of patients was demon-
strated, an effect on mortality remains uncertain 
[47]. Experiences with other endothelin receptor 
antagonists and the PDE-5 inhibitors sildenafil 
and tadalafil show favorable functional and hae-
modynamic results in patients with PAH associ-
ated with CHD and Eisenmenger syndrome [1].

PAH Associated with Connective Tissues 
Disease (CTD)  The prevalence of PAH is great-
est in patients with the scleroderma spectrum of 
diseases, although PAH can occur in the setting of 
any of the CTD (systemic lupus erythematosus, 
mixed CTD and, to a lesser extent, rheumatoid 
arthritis, dermatomyositis and Sjögren’s syn-
drome) [1]. PAH associated with CTD is the sec-
ond most prevalent type of PAH after idiopathic 
PAH in developed countries [4]. Prospective stud-
ies using echocardiography as a screening tool 
and hemodynamic confirmation by RHC found a 
prevalence of PAH in the scleroderma patients of 
approximately 5–12% [1]. Currently, echocar-
diography is the most common screening tool for 
PH detection in scleroderma patients but, recently, 
a novel screening approach was developed that 
involves a two-step algorithm, including clinical, 
pulmonary function test, and echocardiographic 
variables (DETECT algorithm) [48].

In patients with scleroderma, PH may occur in 
association with interstitial lung disease or as a 
result of an isolated pulmonary vascular disease, 
which may affect pre-capillary arterioles (PAH) 
and post-capillary venules (PVOD) or they may 
experience LV diastolic dysfunction. Compared 
with idiopathic PAH, patients with CTD and PAH 
are predominantly women (female:male ratio 
4:1), are older (mean age at diagnosis >60 years), 
may present concomitant disorders (interstitial 
lung disease, left heart disease) and have shorter 
survival times [1]. The 3-year survival rate of 
patients with scleroderma-associated PAH in the 
French National Registry was 56% [49].

Table 15.6  Clinical classification of PAH associated 
with congenital heart disease (adpated from [1])

Clinical condition Description

1. �Eisenmenger’s 
syndrome

Includes all large intra- and 
extra-cardiac defects that begin as 
systemic-to-pulmonary shunts and 
progress with time to severe 
elevation of PVR and to reversal 
(pulmonary-to-systemic) or 
bidirectional shunting; cyanosis, 
secondary erythrocytosis, and 
multiple organ involvement are 
present

2. �PAH 
associated with 
prevalent 
systemic-to-
pulmonary 
shunts

• Correctable
• Non-correctable
Includes moderate to large 
defects; PVR is mildly to 
moderately elevated, there is a 
predominant systemic-to-
pulmonary shunting; cyanosis at 
rest is not a feature

3. �PAH with 
small/
coincidental 
defects

Marked elevation in PVR in the 
presence of small cardiac defects 
(usually ventricular septal defects 
<1 cm and atrial septal defects 
<2 cm assessed by echo), which 
themselves do not account for the 
development of elevated PVR; the 
clinical picture is very similar to 
idiopathic PAH. Closing the 
defects is contra-indicated

4. �PAH after 
defect 
correction

Congenital heart disease is 
repaired, but PAH either persists 
immediately after correction or 
recurs/develops months or years 
after correction in the absence of 
significant postoperative 
haemodynamic lesions

PAH pulmonary arterial hypertension, PVR pulmonary 
vascular resistance
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Treatment of patients with CTD-associated 
PAH is more complex than idiopathic PAH ther-
apy. Immunosuppressive therapy combining 
glucocorticosteroids and cyclophosphamide 
shows clinical improvement in patients with PAH 
associated with systemic lupus erythematosus or 
mixed CTD.  Long-term favorable response to 
calcium channel blockers is reported in <1% of 
cases. In scleroderma patients, the long-term 
risk: benefit ratio of oral anticoagulation is less 
favorable than in idiopathic PAH due to an 
increased risk of bleeding [1].

Treatment of PAH in patients with CTD 
should follow the same treatment algorithm as in 
idiopathic PAH, as the patients with CTD have 
been included in most of the major randomized 
controlled trials for approval of PAH therapy, 
including those with combination therapy. 
Indications and contraindications for lung trans-
plantation should be adapted to the specificities 
of scleroderma patients with a special focus on 
digestive (gastro-oesophageal reflux disease and 
intestinal disease), cardiac, renal and cutaneous 
involvement [1].

PAH Associated with HIV Infection  PAH is a 
rare, but well-established complication of human 
immunodeficiency virus (HIV) infection. 
Population studies of HIV-infected patients sug-
gest that the prevalence of PAH is approximately 
0.5% and it did not changed with the widespread 
use of highly active antiretroviral therapy. The 
pathogenesis is unknown, but the hemodynamics 
and clinical course are similar to that of idio-
pathic PAH.  The prognosis of HIV-associated 
PAH has improved in recent years. In a recent 
single-center observation, the survival rate was 
88% at 1 year and 72% at 3 years, with a cardiac 
index >2.8  L/min/m2 and a CD4 lymphocyte 
count >200 cells/μL being independent predic-
tors of survival [50]. Echocardiographic screen-
ing for PAH in HIV-infected patients is not 
recommended due to its relatively low preva-
lence, although PAH should be considered in 
HIV-infected patients with symptoms of dyspnoea 
in whom another cause cannot be found. PAH is 
an independent risk factor for death in HIV-
infected patients. In patients with PAH associated 

with HIV infection, the same treatment algorithm 
used for patients with idiopathic PAH 
should  be  considered, taking into consideration 
co-morbidities and drug–drug interactions. 
Anticoagulation is not recommended because of 
a lack of data on the efficacy:risk ratio [1].

PAH Associated with Portal Hypertension  PAH 
associated with elevated pressure in the portal 
circulation is defined as portopulmonary hyper-
tension and it should be differentiated from hepa-
topulmonary syndrome that is characterized by 
abnormal pulmonary vasodilation and hypox-
emia. Portal hypertension, and not the underlying 
liver disease, is the risk factor for PAH develop-
ment. Neither the severity of the liver disease nor 
the degree of portal hypertension predicts the 
presence or severity of portopulmonary hyper-
tension. Epidemiologic studies have estimated 
the prevalence of PAH in patients with portal 
hypertension of 1–5%, but it may be higher in 
those referred for liver transplantation. 
Echocardiographic screening is recommended in 
symptomatic patients with liver disease or portal 
hypertension and in all candidates for liver trans-
plantation and PAH confirmation by RHC is 
required [1]. The distinction between the high-
flow state of the underlying disease or the high-
output cardiac failure with elevated left-sided 
cardiac filling pressure and the true portopulmo-
nary hypertension is mandatory.

The presence of PAH increases the risk associ-
ated with liver transplantation. Mild PH with nor-
mal or near-normal PVR in the presence of high 
cardiac output is usually well tolerated and tends 
to be reversible after transplantation. PAH, in 
contrast, is a major risk factor in the setting of 
liver transplantation. Based on observational 
cohorts, the mortality rate was 100% in patients 
with PAPm ≥50 mmHg and 50% in patients with 
PAPm between 35 and 50  mmHg and a PVR 
≥250 dyn s cm−5 [51]. So liver transplantation is 
contraindicated in patients with severe and 
uncontrolled PAH.

The treatment of portopulmonary hyperten-
sion follows the algorithm for other forms of 
PAH, but there are some special considerations. 
These patients often have an elevated bleeding 
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risk and anticoagulation is usually not recom-
mended. Beta-blockers, which are frequently 
used to lower the portal pressure, should be 
avoided in patients with portopulmonary hyper-
tension, as they worsen haemodynamics and 
exercise capacity in this patient population [52]. 
Specific PAH therapies may be used in this 
patient population and liver transplantation may 
be considered in selected patients responding 
well to PAH therapy [1].

15.8	 �Pulmonary Veno-Oclusive 
Disease and Pulmonary 
Capillary Hemangiomatosis

PVOD and PCH are two conditions associated 
with PH with pathological, genetic and clinical 
similarities and differences with PAH thus being 
classified together in a distinct subgroup of the 
clinical classification of PH (Table 15.1). These 
two condition overlap and have similar patho-
logic features, clinical characteristics with worse 
prognosis than PAH and a risk of developing pul-
monary oedema with specific PAH therapy. In 
addition to the histology of PAH, these entities 
also exhibit the findings of pulmonary venous 
hypertension, including pulmonary hemosidero-
sis, interstitial edema, and lymphatic dilation. The 
true incidence of PVOD/PCH is still unknown 
because many cases are misclassified as PAH. The 
proportion of idiopathic cases of PAH that fulfil 
the criteria for PVOD/PCH is likely to be around 
10% (lowest estimates of PVOD/PCH incidence 
and prevalence are <1 case/million) [53, 54]. In 
contrast to IPAH, there is a male predominance in 
PVOD and the prognosis appears to be worse. 
Familial cases of PVOD/PCH have been 
described, often in consanguineous families and 
typically occur in the young siblings of one gen-
eration with unaffected parents, indicating that 
the disease segregates as a recessive trait. 
Recessive mutations in EIF2AK4 (also called 
GCN2) cosegregated with PVOD in 100% of 
familial and 25% of sporadic cases of histologi-
cally confirmed PVOD/PCH. These findings sug-
gest that EIF2AK4 is the major gene linked to the 
development of PVOD/PCH [9]. Identification of 

a bi-allelic EIF2AK4 mutation is recommended 
to confirm a diagnosis of heritable PVOD/PCH 
without histological confirmation [1]. Like PAH, 
PVOD/PCH may complicate the course of associ-
ated conditions (scleroderma, HIV infection, etc.) 
and exposure to drugs or toxins (cyclophospha-
mide, mitomycin, etc.) [53].

The diagnosis of PVOD/PCH can be estab-
lished with a high probability by the combination 
of clinical suspicion, physical examination, pul-
monary functional tests, bronchoscopy and radio-
logical findings. Physical examination may 
reveal digital clubbing and crackles on lung 
auscultation, these being unusual in PAH. Patients 
with PVOD/PCH are more severely hypoxemic 
and have much lower DLCO levels (<55%) than 
in other forms of PAH because of the presence of 
chronic interstitial pulmonary oedema and pul-
monary capillary proliferation typical of PVOD/
PCH.  Chest radiography may reveal Kerley B 
lines, mediastinal lymph node enlargement and 
peripheral interstitial infiltrate, in addition to 
other signs of PH.  High-resolution CT of the 
chest is an essential investigation that reveals 
typical findings suggestive of PVOD/PCH: the 
presence of subpleural thickened septal lines, 
centrilobular ground-glass opacities (Fig. 15.13) 
and mediastinal lymphadenopathy. The presence 
of these findings seems to closely correlate with 
the risk of pulmonary oedema with PAH drugs. 
Bronchoscopy with bronchoalveolar lavage may 
show occult alveolar haemorrhage. The haemo-

Fig. 15.13  High-resolution computed tomography in a 
patient with PVOD: centrilobular ground-glass opacities 
are observed
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dynamic presentation of PVOD is similar to idio-
pathic PAH.  Importantly, PAWP is almost 
invariably normal, because the pathological 
changes occur in small venulae and capillaries 
and do not affect the larger pulmonary veins. 
Vasoreactivity testing may be complicated by 
acute pulmonary oedema [1, 53, 55]. Histologic 
proof is required for definitive diagnosis of 
PVOD/PCH, but surgical lung biopsy is a high-
risk procedure in these patients and is therefore 
contraindicated [1]. The rapid development of 
pulmonary edema after the administration of 
PAH-specific therapy is sometimes the first clue 
to the appropriate diagnosis and can be 
life-threatening.

Survival of patients with PVOD is poor. There 
is no established medical therapy for PVOD/
PCH. Specific PAH therapy and, in particular, 
intravenous epoprostenol must be used with 
great caution because of the high risk of severe 
drug-induced pulmonary oedema. However, 
there are reports of sustained clinical improve-
ment in individual patients treated with these 
medications [55] but these therapies should be 
undertaken only at centres with extensive experi-
ence in the management of PH.  High-dose 
diuretics and O2 therapy are also recommended 
[53]. The only curative therapy for PVOD/PCH 
is lung transplantation, and eligible patients with 
PVOD/PCH should be referred to a transplant 
centre for evaluation as soon as the diagnosis is 
established [1].

15.9	 �Pulmonary Hypertension 
Due to Left-Sided Heart 
Disease

PH due to left heart disease (PH-LHD) can com-
plicate any left heart disorder, such as valvular 
heart diseases, congenital defects, heart failure 
and with preserved or reduced ejection fraction. 
When present, PH-LHD is associated with more 
severe symptoms and worse exercise tolerance 
and is a significantly negative prognostic factor. 
Compared with PAH, patients with PH-LHD 

(especially in the case of heart failure due to LV 
diastolic dysfunction) are older (more than 
65  years), female, with a higher prevalence of 
cardiovascular co-morbidities amongst which 
persistent atrial fibrillation and many of the fea-
tures of metabolic syndrome [1].

In LHD there is a passive backward transmis-
sion of filling pressures, mainly due to LV dia-
stolic function, enhanced by exercise-induced 
mitral regurgitation and a reduced LA compli-
ance. In some patients, these purely mechanical 
components of venous congestion may trigger a 
superimposed component, combining pulmonary 
vasoconstriction, decreased NO availability, 
increased endothelin expression and vascular 
remodelling. This results in a further increase in 
PAPm in excess of the elevation of PAWP that 
may lead to pulmonary vascular disease, 
increased RV afterload and RV failure [56]. 
Therefore, the haemodynamic classification of 
post-capillary PH according to the diastolic pres-
sure gradient in isolated post-capillary PH and 
combined pre- and post-capillary PH is important 
in order to better define the patients’ outcome 
since a diastolic pressure gradient more than 
7 mmHg seems associated with worse prognostic 
in patients with heart failure [56].

The diagnosis of PH-LHD is suspected when 
patients with known left heart involvement 
develop symptoms and signs of right heart fail-
ure. The electrocardiogram may reveal left ven-
tricular hypertrophy, left atrial dilation, left 
bundle branch block, atrial fibrillation or flutter, 
pathologic Q waves. The chest radiograph shows 
Kerley B lines, pleural effusion, pulmonary 
oedema, LA enlargement. The transthoracic 
echocardiography is the essential diagnostic tool 
as it distinguishes between a right and left pheno-
type of PH, i.e. pre-capillary PH and post-
capillary PH. In PH-LHD there are structural left 
heart abnormalities with left heart valves dis-
eases, LA dilation, bowing of the interatrial sep-
tum to the right, LV systolic dysfunction, LV 
hypertrophy, signs of increased LV filling pres-
sures with increased E/e’. Also RV dysfunction 
and pericardial effusion are rare findings in this 
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setting [1, 56, 57]. The role of exercise testing to 
uncover PH-LHD in patients with heart failure 
with preserved ejection fraction is not yet stan-
dardized [1].

The primary goal of therapy in PH-LHD is the 
best management of the underlying condition prior 
to considering specific PH therapies. This includes 
repair of valvular heart disease when indicated and 
aggressive therapy for heart failure with reduced 
systolic function. In severe heart failure, optimiz-
ing volume status is essential. In addition, the 
implantation of an LV assist device has been shown 
to lower pulmonary pressures through LV unload-
ing without increasing the risk of post implantation 
RV failure. Risk factors for cardiovascular diseases 
and features of metabolic syndrome should also be 
controlled. Comorbidities leading to PH should be 
identified and treated, including chronic obstruc-
tive pulmonary disease, sleep apnoea syndrome 
and pulmonary embolism [1].

The PAH specific therapies were studied in 
patients with PH-LHD as acute or short-term 
studies using prostanoids, endothelin receptor 
antagonists and PDE-5 inhibitors had reported 
improvements in haemodynamics, exercise 
capacity and symptoms. But there is no evidence 
suggesting that acute changes in pulmonary cir-
culation may have a value outside of the setting 
of major cardiac surgery such as heart transplan-
tation and/or LV assist device implantation [57].

There is a population of patients with risk fac-
tors for left heart disease presenting with pre-
capillary PH that is characterized by disease 
features lying in between typical idiopathic PAH 
and PH-LHD and there are patients with heart 
failure and combined pre- and postcapillary 
PH. These patients may benefit from PH-targeted 
therapies, especially PDE-5 inhibitors since 
endothelin receptors agonists or at least those 
studied so far failed to show clinical benefit and 
were associated with frequent side effects, pre-
dominantly fluid retention. Still, according to the 
current guidelines on the management of pulmo-
nary hypertension, the use of PAH-approved 
therapies is not recommended in PH associated 
with left heart disease [1].

15.10	 �Pulmonary Hypertension 
Due to Lung Diseases and/or 
Hypoxia

The most common lung diseases associated with 
PH are chronic obstructive pulmonary disease 
(COPD), interstitial lung disease and combined 
pulmonary fibrosis and emphysema included in 
PH group 2 from the clinical classification of 
PH.  Other conditions such as Langerhans cell 
granulomatosis or sarcoidosis associated with PH 
are classified as group 5 due to the multifactorial 
mechanisms involved in PH development 
(Table  15.1). In any lung disease, the develop-
ment of PH is accompanied by a decrease in 
exercise capacity, worsening of hypoxemia and 
shorter survival [58]. The predictive factors for 
the presence of PH in these patients are a dispro-
portionally low DLCO and a low pCO2. Usually 
the values of pulmonary artery pressures are low 
in PH associated with chronic lung diseases, a 
mean PAP more than 35 mmHg in patients with 
COPD or a mean PAP more than 25 mmHg in the 
presence of a low cardiac output (less than 2.5 L/
min) suggests severe PH and other potential 
associated causes of PH should be excluded in 
these cases or the diagnosis of PAH with associ-
ated lung disease should be considered [1]. In 
some situations, such as exercise, sleep, and 
COPD exacerbations, PH may worsen.

In patients with more severe symptoms than 
expected for the impairment in their lung func-
tion the transthoracic echocardiography is 
recommended in order to screen for PH or associ-
ated left heart disease. Patients with clinical or 
echocardiographic signs of severe PH and/or 
severe RV dysfunction should be referred to a PH 
centre. RHC is required to confirm or exclude PH 
diagnosis in candidates for surgical treatments 
(transplantation, lung volume reduction), in cases 
of suspected associated PAH or CTEPH or in fre-
quent episodes of RV failure in cases with a high 
level of suspicion of PH and potential therapeutic 
implications [1].

There is no specific therapy for PH associated 
with lung diseases. Patients with lung disease 
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and PH who are hypoxemic should receive long-
term O2 therapy, as long-term O2 administration 
has been shown to partially reduce the progres-
sion of PH in COPD [59], while the role of long-
term O2 therapy on PH progression in interstitial 
lung diseases is less clear. Treatment of the 
underlying lung disease should be optimized. 
Treatment with conventional vasodilators such 
as calcium channel blockers is not recommended 
because they may impair gas exchange due to 
the inhibition of hypoxic pulmonary vasocon-
striction. The use of drugs approved for PAH is 
not recommended for patients with PH due to 
lung disease [1].

15.11	 �Chronic Thromboembolic 
Pulmonary Hypertension

The definition of chronic thromboembolic pul-
monary hypertension (CTEPH) is based on find-
ings described after at least 3 months of effective 
anticoagulation: presence of precapillary PH and 
at least one segmental perfusion defect detected 
by lung scanning, multidetector CT angiography, 
and/or pulmonary angiography or specific diag-
nostic signs seen by multidetector CT angiogra-
phy, MR imaging or pulmonary angiography, 
such as ring-like stenoses, webs/slits and chronic 
total occlusions. CTEPH is caused by chronic 
obstruction of major pulmonary arteries and 
should be differentiated from other obstructive 
diseases of the pulmonary vasculature 
(Table 15.1). CTEPH has a cumulative incidence 
of 0.1–9.1% within 2 years after a symptomatic 
event [60], but a significant number of cases 
develop in the absence of previous acute pulmo-
nary embolism. In the pathogenesis of CTEPH it 
has been suggested that pulmonary embolism 
may be followed by a pulmonary vascular remod-
eling process modified by infection, immune 
phenomena, inflammation, circulating and 
vascular-resident progenitor cells, and malig-
nancy. Hypercoagulation, “sticky” red blood 
cells, high platelet counts, and uncleavable 
fibrinogens contribute to major vessel oblitera-
tion in CTEPH.  Other risk factors for CTEPH 
include splenectomy, ventriculoatrial shunt for 

hydrocephalus therapy, and inflammatory bowel 
disease [61].

The symptoms of CTEPH are similar to those 
of idiopathic PAH but oedema and haemoptysis 
occur more often in CTEPH, while syncope is 
more common in idiopathic PAH.  The ventila-
tion/perfusion lung scan remains the main imag-
ing modality for CTEPH, with a 96–97% 
sensitivity and a 90–95% specificity for the diag-
nosis [18]. A negative scan excludes the diagno-
sis of CTEPH.  Multidetector CT pulmonary 
angiography has become an established imaging 
modality for confirming CTEPH, but this investi-
gation alone cannot exclude the disease [18]. 
Perfusion inequalities manifest as a mosaic 
parenchymal pattern, with dark areas correspond-
ing to relatively decreased perfusion. CT pulmo-
nary angiography may help to identify 
complications of the disease such as PA dilatation 
and hypertrophied bronchial arterial collaterals, 
which may lead to hemoptysis. MR imaging of 
the pulmonary vasculature is still considered 
inferior to CT, but this technique, as well as cone 
beam CT, angioscopy, intravascular ultrasound 
or optical coherence tomography, may be com-
plimentary [1]. RHC is a mandatory diagnostic 
tool. Preoperative and immediate postoperative 
PVR is a long-term predictor of prognosis [62]. 
The selective pulmonary angiography 
(Fig. 15.14) in the anterior–posterior and lateral 
projections is recommended preoperatively and it 
illustrates ring-like stenosis, webs (‘slits’), 
pouches, wall irregularities, complete vascular 
obstructions as well as bronchial collaterals, and 
supports the assessment of operability.

The pulmonary endarterectomy is the gold 
standard of treatment in CTEPH with a periop-
erative mortality of 4.7% across European cen-
tres [5]. CTEPH treatment requires a true bilateral 
endarterectomy through the medial layer of the 
pulmonary arteries, which is performed under 
deep hypothermia and circulatory arrest [61]. 
According to the surgical specimen, there are 
four anatomic types of CTEPH: type 1 disease 
(25% of cases) involving the main and lobar pul-
monary arteries with fresh red thrombus super-
imposed on white obstructions; type 2 disease 
(40% of cases) with intimal thickening and fibro-
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sis proximal to segmental arteries; type 3 disease 
(30% of cases) with fibrosis, intimal webbing, 
and thickening confined to distal segmental and 
subsegmental arteries; and type 4 disease (≤5% 
of cases) defined by microscopic distal arteriolar 
vasculopathy without visible thrombus. Type 4 is 
not operable. Operability should be assessed by a 
multidisciplinary team in centres with expertise 
in pulmonary endarterectomy. General operabil-
ity criteria include WHO functional class II–IV; 
preoperative PVR higher than 300  dyn s cm−5; 
surgical accessibility of thrombi in the main, 
lobar, or segmental pulmonary arteries; absence 
of severe comorbid diseases [61]. There are no 
contraindications to pulmonary endarterectomy 
related to patient’s age, PVR values or RV dys-
function [1]. Early postoperative reperfusion 
oedema may require veno-arterial ECMO, and 
severe persistent PH may be bridged to emer-
gency lung transplantation with veno-venous 
ECMO [1]. International CTEPH registry data 
indicate 3-year survival rates in operated patients 
as high as 89.3%, in contrast to 70.5% in non-
operated cases [61].

Some centers currently propose balloon pul-
monary angioplasty for inoperable CTEPH with 
an average number of 4.8 sessions is needed per 

patient to improve parameters of RV function and 
the procedure has a risk of reperfusion pulmo-
nary oedema [1].

Optimal medical treatment for CTEPH con-
sists of anticoagulants and diuretics, and supple-
mental O2 in cases of heart failure or hypoxemia. 
Lifelong anticoagulation with antivitamin K 
drugs is recommended, even after PEA; no data 
exist on the efficacy and safety of new oral anti-
coagulants [1].

Pulmonary microvascular disease in CTEPH 
has provided the rationale for off-label use of 
drugs approved for PAH.  PAH-targeted therapy 
may be recommended in technically non-
operable patients, in the presence of an unaccept-
able surgical risk:benefit ratio or in patients with 
persistent or recurrent PH after surgery [1]. 
Riociguat was administered to 261 of 446 
screened patients with non-operable CTEPH or 
persistent/recurrent PH after pulmonary endar-
terectomy and led to an increase in exercise 
capacity (6MWD) and a reduction in PVR but the 
time to clinical worsening remained unchanged 
[63]. The use of PAH-targeted therapy in opera-
ble patients with severe haemodynamic compro-
mise as a bridge to pulmonary endarterectomy is 
not supported by definite scientific evidence.

a b

Fig. 15.14  Pulmonary angiography in a patients with CTEPH: segmental obstructions in the upper and middle right 
lobe, nearly complete occlusion of the right lower lobe (a) and complete occlusion of the left lower lobe (b)
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15.12	 �Perspectives

Over recent decades a substantial progress has 
been made in the understanding of the pathogen-
esis and treatment of PAH.  Patients with PAH 
currently have a better quality of life and survival 
than they had previously, but their survival is still 
suboptimal, and more advances in medical thera-
pies are needed. Data from important registries 
continue to highlight important prognostic 
parameters and may help guide the appropriate 
therapeutic strategies.

Although considerable advances were made in 
the treatment of PAH, clinical trial data for the 
more common group 2 and 3 PH are still needed. 
Off-label use of PAH-specific therapy in these 
populations is possible in clinical practice, but 
there is little evidence regarding the efficacy and 
safety data. Clinical trials in patients with PH 
associated with left heart disease or lung disease 
are more and more necessary.
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Tricuspid Valve Pathology
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Abstract

Tricuspid valve pathology has increasingly 
become the focus of attention in recent years. 
Both primary and secondary disease pro-
cesses involve the tricuspid valve. Depending 
on the underlying disease process the pre-
dominant hemodynamic lesion can be either 
tricuspid valve stenosis or regurgitation. 
Whereas tricuspid stenosis is uncommon, tri-
cuspid regurgitation is frequently encoun-
tered and is most often secondary in nature. 
Patients with tricuspid valve disease are usu-
ally in an advanced stage of multivalvular 
heart disease and constitute a high-risk group. 
Recent improved understanding of the patho-
physiology of tricuspid valve disease coupled 
with substantial advances in assessment and 
management have improved the outlook for 
patients with tricuspid valve pathology. This 
chapter provides an overview of tricuspid 
valve pathology focusing on pathophysiol-
ogy, diagnosis, management and emerging 
transcatheter therapies.
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Tricuspid valve (TV) often referred to as the for-
gotten valve has become the focus of attention in 
recent years. The past decade has particularly 
seen a massive increase in publications emphasiz-
ing the need to aggressively treat TV disease and 
the long term implications of failure to address it 
[1–4]. Multiple entities affect the tricuspid leaf-
lets, annulus, chordae and papillary muscles and 
can cause severe tricuspid regurgitation (TR) or 
stenosis in the initial absence of either pulmonary 
hypertension or right ventricular (RV) dysfunc-
tion (Table  16.1). Over time, these entities can 
cause progressive right atrial, RV, and annular 
dilatation, sometimes with atrial fibrillation lead-
ing to poor patient outcomes. A variety of surgical 
approaches with promising immediate and long 
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term outcomes have been introduced in recent 
years [5]. This chapter provides an overview of 
the current understanding of the TV pathology in 
terms of diagnosis, prognosis and treatment.

16.1	 �Embryology

The septation of atria and ventricles in the fetal 
circulation is followed by formation of endocar-
dial cushions at the crux of the heart. The atrio-
ventricular (AV) valves develop subsequently. 
The architecture of the two AV valves is inti-
mately tied to the corresponding ventricles. This 
relationship demonstrates that the mitral valve is 
connected to the anatomic left ventricle and the 
TV to the anatomic right ventricle. This relation-
ship is emphasized in the congenitally corrected 
transposition of great arteries with functionally 
intact circulation, such that the anatomic right 
ventricle becomes the systemic ventricle and ana-

tomic left ventricle the pulmonary ventricle [6]. 
The corresponding AV valves are transposed 
along with the ventricles. Thus, the TV becomes 
a left sided valve between the left atrium and ana-
tomic right ventricle, which is the systemic ven-
tricle connected to the aorta. Similarly the mitral 
valve is transposed with anatomic left ventricle, 
which is the pulmonary ventricle connected to 
the pulmonary artery and low resistance pulmo-
nary circulation. Congenitally corrected transpo-
sition in absence of other malfunctions is 
compatible with life into the sixth and seventh 
decades. This speaks to the adaptation of the ana-
tomic right ventricle and TV to high pressure, 
high resistance systemic circulation [6].

Since the formation of AV cushions at the crux 
of the heart are central to distinctive anatomy of 
the two atrioventricular valves, the congenital 
absence of AV cushions, partial or complete, 
results in striking abnormalities of the two AV 
valves [6]. The attachment of the septal leaflet of 
the TV is normally more apical than the mitral 
valve, and a small defect is capable of providing 
shunting of blood from the left ventricle to the 
right atrium. This defect, when isolated, is ana-
tomically small and is known as Gerbode defect. 
Another anatomic consideration is that the septal 
leaflet of the TV is attached to membranous ven-
tricular septum. Thus, perimembranous ventricu-
lar septal defects distort this portion of the TV, 
which can grow over the defect, resulting in spon-
taneous closure of small membranous ventricular 
septal defect in childhood [6].

16.2	 �Valve Anatomy

The TV is most caudally located and has the larg-
est orifice of the 4 intracardiac valves. It func-
tions as a unidirectional valve permitting systemic 
venous blood flow from right atrium and hence 
from the 2 vena cava to advance to the right ven-
tricle during diastole and prevents backflow or 
regurgitation during systole. The TV apparatus is 
composed of the annulus, the leaflets, the chor-
dae and papillary muscles. Its coordinated func-
tion is also influenced by the geometric alterations 
of the right ventricle and the right atrium [6].

Table 16.1  Causes of tricuspid valve pathology

Tricuspid stenosis

    Rheumatic fever

    Carcinoid heart disease

    Endocarditis

    Endomyocardial fibrosis

    Systemic lupus erythematosus

    Congenital tricuspid stenosis

Tricuspid regurgitation

    Secondary to left-sided valvular heart disease

    Rheumatic fever

    Myxomatous degeneration

    Ebstein anomaly

    Endomyocardial fibrosis

    Endocarditis

    Blunt chest trauma

    Pacing wire(s)

    Pulmonary thromboembolism

    Left ventricular dysfunction

    Pulmonary hypertension

    Chronic lung disease

    Right ventricular ischaemia

    Myocardial disease

    Left to right shunt

    Carcinoid heart disease

    Cleft tricuspid valve
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The tricuspid annulus is oval in shape, but 
assumes a more circular shape on dilatation. It 
has been shown to have a more complex nonpla-
nar shape with postero-septal commissure the 
highest point. The shape, besides becoming 
more circular, flattens out and becomes more 
planar in presence of severe “functional” regur-
gitation. The annular diameter, circumference 
and area are all larger than the mitral valve by 
about 20%. Although major tricuspid annular 
diameter values of 30–35 mm are described for 
normal adults (BSA 1.5–1.7 m2), the orifice size 
is influenced by overall body size as reflected in 
body surface area [6]. Thus, while a measured 
diameter of 40  mm in an average size normal 
adult represents dilated annulus, this may be nor-
mal for a person with BSA in excess of 2.0 m2. 
Thus, size of an individual patient must be con-
sidered in assigning the given measure as normal 
or abnormal. The average normal annular diam-
eter is 21 mm/m2. A hemodynamic consequence 
of a larger tricuspid annulus orifice is lower 
velocities and lower pressure drops during dia-
stolic inflow than in the normal mitral valve. The 
annulus exhibits a dynamic behavior similar to 
the mitral annulus, with expansion of the orifice 
in diastole and reduction in systole [7]. The max-
imum to minimum area reduction is nearly 30%. 
This dynamic behavior promotes forward flow 
while maintaining low right atrial and thus sys-
temic venous pressures.

The TV has 3 leaflets namely anterior, septal 
and posterior, the anterior being the largest and 
septal being the smallest. The septal leaflet attach-
ment is from posterior ventricular wall across the 
interventricular septum, its insertion being more 
apical relative to the anterior leaflet. The anterior 
leaflet is attached to the right AV junction. The 
posterior leaflet has mural attachment [6].

The tendinous chords are attached to the ven-
tricular surface of the leaflets or the free edges of 
the leaflets to the papillary muscle supporting the 
leaflet. There may be accessory chords that attach 
from the septal leaflet to the moderator band or 
the right ventricular free wall.

There are 3 sets of papillary muscles, each set 
being composed of up to 3 muscles. The chordae 
arising from each set are inserted into 2 adjacent 

leaflets [6]. Thus, the anterior set of chordae 
insert into half of the anterior and half of the pos-
terior leaflets, the medial set provides chordae to 
anterior and septal leaflets. The third, posterior, 
set is more rudimentary and is attached to the dia-
phragmatic wall of the right ventricle [8].

16.3	 �Normal Tricuspid Valve 
Function

The diastolic opening of the valve along with cor-
responding expansion of the annulus provides a 
tricuspid orifice area of 7–9 cm2. This large ori-
fice provides unimpeded flow both at rest and 
with physical activity without elevations in cen-
tral venous pressures. The systolic narrowing of 
the orifice provides an effective seal for valve 
closure; however, a degree of TR detected by 
Doppler echocardiography is observed in 
80–90% of normal subjects. The majority of 
patients with physiologic TR are in the mild cat-
egory, but a small number of otherwise healthy 
individuals may have moderate regurgitation. A 
failure to appreciate this may result in identifying 
as abnormal what is a normal variant [6].

16.4	 �Tricuspid Valve Dysfunction

The TV disease is generally classified as primary 
or intrinsic valve pathology or secondary or func-
tional valve dysfunction [9, 10]. The primary valve 
disease results from structural abnormality of the 
valve apparatus. The secondary or functional TV 
disease results from factors that generally lead to 
tricuspid annular dilatation, commonly from left 
heart disease and resulting right ventricular hyper-
tension, dilatation and dysfunction [11].

16.4.1	 �Clinical Presentation

The abnormal valve function may be in form of: 
(a) pure or predominant tricuspid stenosis; (b) 
pure or predominant TR; or (c) mixed.

In case of TV regurgitation is more commonly 
seen than stenosis. Almost 75% of severe TR is 
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classified as functional and is secondary to left-
sided valvular disease leading to pulmonary 
hypertension, right ventricular dysfunction, or a 
combination of both. Non-functional TR occurs 
when there is damage to the tricuspid leaflets, 
chordae, papillary muscles, or annulus, indepen-
dent of right ventricular dysfunction or pulmo-
nary hypertension. The entities that cause 
non-functional TR include rheumatic and myxo-
matous disease, acquired and genetic connective 
tissue disorders, endocarditis, sarcoid, pacing, 
RV biopsy, blunt trauma, radiation, carcinoid, 
ergot alkaloids, dopamine agonists, fenfluramine, 
cardiac tumors, atrial fibrillation, and congenital 
malformations [12].

Generally the symptoms of left heart disease 
predominate in those with secondary TV disease. 
The symptoms specific to advanced TV disease 
are related to: (a) decreased cardiac output, for 
example, fatigue; (b) right atrial hypertension, for 
example, liver congestion resulting in right upper 
quadrant discomfort, or gut congestion with symp-
toms of dyspepsia, indigestion, or fluid retention 
with leg edema and ascites. It may be emphasized 
that significant TV disease may not be associated 
with any symptoms until a late stage of the disease 
involving progressive right ventricular dysfunc-
tion. Symptoms caused by underlying etiology 
such as flushing, diarrhea, abdominal pain, etc. 
associated with carcinoid heart disease point to the 
etiology.

Physical findings include signs related to TV 
disease and those secondary to chronic venous 
congestion, that is, leg edema and ascites. 
Tricuspid stenosis results in characteristic changes 
in the jugular venous pulse in form of a slow “V” 
to “Y” descent and prominent “A” waves. The 
liver is enlarged with a firm edge, and pulsatile in 
presystole. Auscultation reveals a low-to-
medium-pitched diastolic rumble with inspiratory 
accentuation. This is usually localized to the 
lower sternal border [13].

TR results in the jugular venous pulse exhibit-
ing a prominent “C-V” wave or systolic wave. 
There is often a parasternal lift from right ven-
tricular enlargement. The liver shows systolic 
pulsations, is enlarged and often tender. The car-
diac auscultation reveals a soft early or holosys-

tolic murmur which is augmented with inspiratory 
effort (Carvallo sign). A systolic honk may be 
present with TV prolapse [14]. Substantial TR 
may exist without the classic ausculatory find-
ings. Thus, neither presence nor quantitation of 
TR can be reliably judged by auscultation. The 
pulsatile liver is a sign of severe regurgitation.

16.4.2	 �Investigations

Electrocardiogram  There are no specific mark-
ers of TV disease, although the following clues 
may be present: (a) right ventricular hypertrophy 
and “strain” with right QRS axis; and (b) right 
atrial enlargement with prominent P waves. 
Specific ECG signs of primary etiology may be 
noted, such as left axis deviation and complete 
right bundle branch block in AV canal defect 
associated with cleft valve, and Ebstein’s anom-
aly may exhibit wide QRS.

Chest Radiograph  Cardiomegaly associated 
with prominent right-heart borders may be noted. 
There are no specific findings to suggest a diag-
nosis of TV disease.

Transthoracic Echocardiography  Two dimen-
sional echocardiogram combined with spectral 
and color flow Doppler evaluation provides the 
most accurate laboratory test in detection and 
quantitation of TV disease (Fig. 16.1).

Color flow Doppler and spectral Doppler are 
sensitive for detection of valve regurgitation and 
generally accurate for semiquantitative assess-
ment of tricuspid stenosis and regurgitation [15]. 
Tricuspid stenosis is detected with color flow 
imaging by demonstrating a central core of high 
velocity jet. The continuous wave Doppler per-
mits measurements of mean and end-diastolic 
gradients. The normal mean gradient is less than 
3  mmHg and the end diastolic gradient nearly 
zero. Severe stenosis is associated with mean gra-
dient of 5 mmHg and pressure half time measured 
in end inspiratory beat is greater than 190 ms. It 
has been proposed, but not well validated, that 
TV area may be determined by 190 divided by 
pressure half time.
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TR using color flow imaging is readily recog-
nized from parasternal tricuspid inflow view, 
short axis view, and apical or subcostal four 
chamber cross sections. Regurgitant jet area cor-
relates roughly with severity of regurgitation, 
being less than 5 cm2 in mild, 6–10 cm2 in moder-
ate and greater than 10  cm2 in severe cases. In 
clinical practice, a visual estimate rather than 
actual planimetry is utilized. A more accurate 
estimate may be obtained by utilizing flow accel-
eration and PISA (Proximal Isovelocity Surface 
Area) measurements from which regurgitant ori-
fice area may be calculated. The measured PISA 
radius is by itself a good guide to severity of 
regurgitation. The technique is important. The 
color flow baseline should be shifted in direction 
of regurgitation to get aliased velocity of approxi-
mately 30  cm/s. The radius of hemispherical 
PISA of greater than 9  mm indicates severe, 
5–9 mm moderate, and less than 5 mm mild regur-
gitation. The spectral Doppler image of TR repre-
sents pressure gradient between right ventricle 
and right atrium through systole. The shape of TR 
velocity profile using continuous wave Doppler 
provides a clue to this relationship. The regurgita-
tion profile is generally parabolic except in severe 
cases, where high right atrial “C-V” waves result 

in rapid equalization with right ventricular pres-
sure giving a profile with rapid deceleration, also 
described as ‘V’ wave cut off sign [16].

Additional indirect clues of regurgitation 
severity are density of continuous wave Doppler 
profile, size of right ventricle and atrium, para-
doxical interventricular septal motion, and sys-
tolic bulge of interatrial septum toward left 
atrium. The hepatic vein flow may exhibit sys-
tolic reversal of flow in severe cases.

A calculation of right ventricular systolic 
pressure (ie, pulmonary artery systolic pressure 
in absence of outflow obstruction) using peak 
TR velocity is extremely useful in clinical prac-
tice. The formula used is: Right Ventricular 
Systolic Pressure = 4 × TR velocity + right atrial 
pressure [16]. The latter may be assumed to be 
7–10 mm, or more accurately determined from 
size of inferior vena cava and its collapse with 
sniff test. It is important to emphasize that 
height of TR velocity is not indicative of sever-
ity of regurgitation, but rather the degree of 
right ventricular systolic pressure or pulmonary 
hypertension.

In addition, the TV morphology provides 
clues of underlying etiology and pathophysiol-
ogy of valve dysfunction [17].

Mild
TR

Severe
TR

Color Doppler CW Doppler Hepatic Vein Flow

Fig. 16.1  2D echocardiogram demonstrating evaluation of severity of tricuspid regurgitation
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Ebstein’s anomaly is characterized by apical 
displacement of the septal tricuspid leaflet into 
the right ventricle by more than 8 mm/m2 from 

the insertion point of the anterior mitral leaflet 
from the crux. The right atrium is enlarged, com-
posed of anatomic right atrium proper and atrial-
ized proximal inflow right ventricle. The residual 
right ventricle is reduced in size (Fig. 16.2).

AV cushion defect with associated cleft valve 
abnormality is best seen in apical 4 chamber 
view. The mitral and TVs are seen as a common 
valve straddling the defect. The cleft may be 
visualized with confirmation by color flow image 
showing the regurgitation jet going across the 
valve abnormality.

Carcinoid heart disease is characterized by 
thickened immobile valve leaflets held in half 
open position, resulting in appearance of stenosis 
as well as free flowing regurgitation with color 
flow Doppler [18] (Fig. 16.3).

Rheumatic TV disease is nearly always asso-
ciated with rheumatic mitral and/or aortic valve 

a

c d

b

75mm/s

Fig. 16.3  2D echocardiogram in carcinoid heart disease. 
(a) Thickened, retracted, fixed tricuspid valve (TV) leaf-
lets which do not co-apt. (b) Thickened, fixed and 
retracted pulmonary valve (PV) cusps. (c) Color Doppler 

demonstrating severe tricuspid regurgitation (TR). (d) 
Continuous wave Doppler demonstrating “Dagger” 
shaped profile of severe tricuspid regurgitation

Fig. 16.2  2D echocardiogram demonstrating Ebstein’s 
anomaly
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disease. The valve leaflets are thickened and 
exhibit some doming in diastole.

TV prolapse is seen in nearly 30% of patients 
with mitral valve prolapse. The characteristic 
appearance includes dilated annulus, billowing 
prolapse, less commonly chordae rupture with 
flail leaflet [18]. Apart from the general syn-
drome of degenerative valve disease, TV pro-
lapse has been described in congenital heart 
disease associated with systemic right ventricles.

Infective endocarditis is generally apparent with 
demonstration of mobile vegetation with transtho-
racic echocardiography (Fig. 16.4). In some cases, 
the transesophageal approach may be used for con-
firmation. Differentiation of vegetation from a 
tumor requires clinical correlation [18].

Valvulopathy associated with Phen-Fen and 
methysergide consists of thickened, fibrotic, less 
mobile tricuspid leaflets. These appearances are 
non-specific and require historical confirmation 
of drug use.

Pacemaker lead related trauma exhibits leaflet 
entrapment by a pacemaker lead. The color flow 
jet of TR may be localized at the pacemaker con-
tact site along the tricuspid leaflet. Less com-
monly, leaflet perforation may be noted.

Secondary or functional TR is characterized 
by annular dilatation, generally the annular diam-
eter greater than 40 mm, and tethering of leaflets 
with tenting distance in excess of 8  mm. In 
extreme cases, the leaflets fail to coapt with wide 

open regurgitation. Severe right ventricular hyper-
tension is associated with shift of the interven-
tricular septum toward the left ventricle, resulting 
in asymmetric tethering. In addition, characteris-
tic appearances of RV infarction, arrhythmogenic 
RV dysplasia, or myocarditis and cardiomyopathy 
may be observed.

Transesophageal Echocardiography (TEE)  
Transthoracic echocardiography is often of diag-
nostic quality because the TV and RV are closer 
to the anterior chest wall and several parasternal, 
apical, and subcostal views are used to image 
these structures. However, TEE is indicated for 
better anatomic definitions of the valve lesions or 
precise measurement of the tricuspid annulus. 
The assessment of severity of tricuspid stenosis 
or TR is generally more accurate with transtho-
racic echocardiography. This is especially true in 
the intraoperative setting, where severity of TR 
may be underestimated as a result of lowered pul-
monary vascular resistance from the anesthetic 
agents. It is therefore erroneous to use the sever-
ity of TR in the operating room to decide if a sur-
gical procedure is to be performed on the TV. In 
the intraoperative setting, TEE is especially used 
for measuring the tricuspid annulus diameter. 
This is done in the midesophageal four-chamber 
view and a plane perpendicular (90°) to it.

Cardiac Catheterization and Selective 
Angiography  Prior to the advent of diagnostic 
echocardiography, cardiac catheterization was 
used to confirm the presence and severity of tri-
cuspid stenosis. It was recognized that simultane-
ous recordings of right atrial and right ventricular 
diastolic pressures was needed for accurate 
assessment because the pressure gradients are 
small and there is considerable respiratory varia-
tion in the pressure wave forms. The diagnosis of 
TR posed a greater challenge, as selective angi-
ography into the right ventricle would often dis-
tort the TV. The pressure wave form in the right 
atrium shows the characteristic prominent sys-
tolic V wave with rapid descent only in the most 
severe cases. Diagnostic cardiac catheterization 
should rarely, if ever, be undertaken for the diag-
nosis or quantitation of TV disease alone.

Fig. 16.4  2D echocardiogram demonstrating pacemaker 
lead and tricuspid valve endocarditis
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16.5	 �Treatment

The treatment of TV disease must entertain two 
important questions, namely when to treat and 
how to treat.

16.5.1	 �Indications and Timing 
of Intervention

The decision to treat TV disease is based largely 
on hemodynamic and functional consequences of 
the diseases as well as coexistence of other associ-
ated valvular or congenital lesions. As an isolated 
lesion, mild or moderate TV disease does not need 
to be treated. Mild or even moderate TR may be 
observed using current echo-Doppler techniques 
in normal subjects. In the absence of structural 
changes such as annular dilatation or leaflet dis-
ruption, such lesions are not known to progress. 
On the other hand, severe TV disease results in 
enlargement of right atrium and RV and increase 
in right atrial and systemic venous pressures. If 
untreated, RV dysfunction with reduction in car-
diac output develops first with exercise and subse-
quently at rest. This is accentuated by development 
of atrial fibrillation. In addition, chronic hepatic 
congestion results in fibrosis and development of 
cardiac cirrhosis. The liver function tests become 
increasingly abnormal. Progressive dilatation of 
right heart chambers brings about progressive 
annular dilatation, worsening severity of regurgita-
tion. Thus, chronic severe regurgitation often 
begets more regurgitation. For isolated severe TV 
disease, intervention should be considered as earli-
est signs of RV and/or hepatic dysfunction develop.

The rules governing management are different 
when moderate TV dysfunction is associated with 
other valvular or myocardial disorders. The timing 
of intervention is generally dictated by consider-
ations relating to accompanying left heart disease. 
Approximately 40% of patients exhibit regression 
of TR following mitral valve surgery, with reduc-
tion in pulmonary hypertension. Since it fails to 
regress in nearly 60% of patients, it is a recom-
mended practice to treat tricuspid lesion more 
aggressively during the mitral valve surgery [19].

The 2014 AHA/ACC guidelines recommend 
TV surgery for patients with severe TR undergoing 

left-sided valve surgery [20]. According to these 
guidelines TV repair can be beneficial for patients 
with mild, moderate, or greater functional TR at the 
time of left-sided valve surgery with either (1) tri-
cuspid annular dilation or (2) prior evidence of right 
heart failure. TV surgery can also be beneficial for 
patients with symptoms due to severe primary TR 
that are unresponsive to medical therapy. TV sur-
gery may be considered for patients with moderate 
functional TR and pulmonary hypertension at the 
time of left-sided valve surgery as well as for 
asymptomatic or minimally symptomatic patients 
with severe primary TR and progressive degrees of 
moderate or greater RV dilation and/or systolic dys-
function. In patients who have undergone previous 
left-sided valve surgery and who do not have severe 
pulmonary hypertension or significant RV systolic 
dysfunction, reoperation for isolated tricuspid valve 
repair or replacement may be considered for persis-
tent symptoms due to severe TR.

Surgery is recommended for patients with 
severe tricuspid stenosis at the time of surgery for 
left-sided valve disease as well as for patients 
with isolated, symptomatic severe tricuspid ste-
nosis. Percutaneous balloon tricuspid commis-
surotomy may be considered for patients with 
isolated, symptomatic severe tricuspid stenosis 
without accompanying TR [20].

16.5.2	 �Medical Treatment

TR secondary to pulmonary hypertension may 
be treated by medical management of underlying 
etiology, when feasible. Thus, appropriate treat-
ment of myocarditis or depressed left ventricular 
function may result in amelioration of functional 
TR. Similarly, improvement in lung function in 
chronic obstructive lung disease or appropriate 
control of sleep apnea may improve the associ-
ated TR. It is worth emphasizing that functional 
TR may be dynamic, being load dependent. 
Intensive medical treatment of heart failure may 
improve dramatically the severity of TR. This is 
especially relevant when a patient is undergoing 
surgery of left heart disease (such as mitral or 
aortic valve disease) following intensive medical 
treatment of heart failure, such that the most 
recent echocardiogram may fail to show signifi-
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cant TR. In this setting even if the TR is mild to 
moderate, it will require surgical treatment.

16.5.3	 �Surgical Treatment

Primary or intrinsic TV disease with severe dys-
function nearly always requires surgery, with the 
possible exception of rheumatic tricuspid steno-
sis which may be approached by percutaneous 
balloon valvuloplasty.

16.6	 �Surgical Treatment of 
Rheumatic Tricuspid Stenosis

The most common cause of organic tricuspid dis-
ease worldwide is rheumatic fever. It usually affects 
the mitral valve and frequently affects the aortic 
valve concomitantly. Despite the dramatic decline 
of acute rheumatic fever in developed countries, 
significant morbidity and mortality are still associ-
ated with rheumatic heart disease in developing 
nations [21]. Rheumatic tricuspid stenosis is nearly 
always associated with rheumatic mitral valve dis-
ease. Successful mitral and TV repair may be car-
ried out, although long term results are poor. Mitral 
valve replacement with TV replacement may be 
considered in patients unwilling to entertain a risk 
of reoperation. These patients will require mechan-
ical prosthesis, being in a younger age group [21].

16.7	 �Surgical Treatment 
of Functional Tricuspid 
Regurgitation

Functional TR is the most frequent cause of tri-
cuspid insufficiency and is often secondary to 
left-sided valve diseases. The correction of left-
sided valve diseases without concomitant repair 
of functional TR is associated with significant late 
morbidity and mortality. This occurs on account 
of progressive right ventricular dysfunction and 
increasing need for reoperation [22]. A variety of 
techniques for valve repair have been used over 
the years. These fall broadly into 2 categories; 
suture techniques and annuloplasty techniques.

16.7.1	 �Suture Techniques

De Vega Purse String Repair  De Vega devel-
oped his popular technique of semicircular suture 
annuloplasty in the early 1970s, which consists of 
plication of the posterior and anterior portion of 
the annulus, preserving the septal portion, with a 
double continuous suture [23] (Fig. 16.5). It is one 
of the most effective frequently used techniques 
for surgical correction of FTR.  It appears to be 
safe, easily reproducible, and efficacious in the 
short-term. It is reliable when used for minor 
degrees of tricuspid regurgitation in the absence of 
right heart dilatation. Physiologic annular motions 

a

b

Fig. 16.5  (a) Suture 
annuloplasty 
commencing at 
posteroseptal 
commissure going upto 
anteroseptal commissure 
(b) Completed suture 
annuloplasty with a 
double continuous 
suture preserving the 
septal portion
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are protected by De Vega annuloplasty. However, 
recurrent tricuspid regurgitation secondary to 
Bowstring (Guitar string) phenomenon is seen 
after De Vega suture annuloplasty as a result of 
gliding (jiggle) effect especially in the setting of 
moderate to severe regurgitation [5]. It is a more 
practical and economical approach in developing 
countries with high incidence of rheumatic mitral 
disease being operated on at early age [5].

Several modifications of the De Vega annulo-
plasty technique have been described in recent 
years with potential benefits. However, despite 
the suggested advantages of these modifications 
none has been followed up for long enough to 
validate these benefits [22].

Annuloplasty Techniques  There is a growing 
body of evidence to support improved outcome 
and durability of TV repair using a prosthetic 
annuloplasty ring. Tang et al. reported that long-
term survival, event-free survival and freedom 
from recurrent TR were significantly better in the 
ring group, and there was a trend toward fewer 
TV reoperations compared to a De Vaga proce-
dure without the prosthetic ring. Multivariable 
analysis demonstrated that the use of an annulo-
plasty ring was an independent predictor of long-
term survival (hazard ratio [HR], 0.7; 95% 
confidence interval [CI], 0.5–1.0; P = 0.03) and 
event-free survival (HR, 0.8; CI, 0.6–1.0; 
P  =  0.04) [23]. McCarthy et  al. also reported a 
higher rate of failed TV repair without use of 
rings. They observed 30% of patients with De 
Vega procedure had severe regurgitation at 8 years 
as compared to none with ring annuloplasty [5].

A variety of annuloplasty rings and bands have 
been used over the years. Peri-Guard annuloplasty 
consists of customized semicircular annuloplasty 
using bovine pericardium. A high rate of early 
and late recurrence of TR has been reported. This 
approach is not favored at the present time [5].

Carpentier ring devised for the TV introduced 
more than 30  years ago has been extensively 
used. This semi-rigid ring has had excellent early 

and late outcome. Special care has to be taken to 
avoid injury to the AV node [5].

Duran flexible ring has been proposed in order 
to preserve the normal annular function of dilata-
tion in diastole and reduction in systole. Good 
early and late outcome has been reported using 
the flexible ring [5].

Annuloplasty bands or incomplete rings are 
used to avoid risk of AV node injury. A partial ring 
specially devised with knowledge of 3-dimen-
sional geometry of the TV (MC3 ring) has been 
introduced with promising early and mid-term 
outcome [24].

Other Techniques  To improve the feasibility 
and efficacy of TV repair in the setting of com-
plex lesions like prolapse or flail of multiple cusps 
or myxomatous degeneration of TV, Debonis and 
associates developed a new surgical approach, 
which consists of stitching together the central 
part of the free edges of the leaflets producing a 
‘clover’ shaped valve [25, 26] (Fig. 16.6).

Suture bicuspidization originally conceptual-
ized and described by Kay, Maselli-Campagna, and 
Tsuji in 1965 is a relatively simple technique that 
involves figure-of-eight suture plication of the pos-
terior leaflet to reduce annulus size [27] (Fig. 16.7).

Autologous pericardial patch extension of 
anterior tricuspid leaflet combined with pros-

Fig. 16.6  Clover technique
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Fig. 16.7  Suture bicuspidization technique
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thetic annuloplasty ring is another innovative and 
easily reproducible technique that is claimed to 
virtually eliminate residual/recurrent TR in cases 
of severe leaflet tethering in the short-term [28] 
(Fig. 16.8).

Tricuspid Valve Replacement  Although most 
studies have reported a better early and long term 
outcome with valve repair, there are some cases 
with marked distortion of the annulus and severe 
leaflet tethering in which valve replacement may 
be necessary. Generally bioprosthetic valves are 
preferred, since valve thrombosis and infection 
following mechanical valve replacement are rec-
ognized risks [4]. Some studies have shown no 
significant difference in long term outcome 
between tissue and mechanical valves [29–31]. 
Residual regurgitation following TV replacement 
is lower than after valve repair; however, the peri-

operative midterm survival and event free sur-
vival is better with valve repair [4].

16.8	 �Surgical Treatment 
of Primary Tricuspid Valve 
Regurgitation

16.8.1	 �Rheumatic Valve Disease

The surgical options include valve repair tech-
niques similar to those employed for rheumatic 
mitral valve disease. In rare cases with extreme 
fibrotic distortion of the valve, TV replacement 
may need to be considered. In a study of 328 
patients followed over a mean 8.7  years, in-
hospital mortality was 7.6% and late mortality 
was 52.1%. Valve repair had a more favorable 
outcome [21].

Fig. 16.8  (a) Anterior leaflet detached from the annulus (b) Pericardial patch being sewn onto the detached edge of the 
anterior leaflet (c) Pericardial patch completely sewn onto the anterior leaflet and annulus (d) Completed repair with 
annuloplasty ring
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16.8.2	 �Ebstein’s Anomaly

TV repair may be feasible in milder cases, although 
the majority requires valve replacement. Good 
long term outcomes and survival are reported. A 
study examined outcome of 40 consecutive 
patients at one center. The valve was repaired in 18 
patients, in 12 in association with cavo-pulmonary 
shunt. Twenty-two underwent replacement, 11 
with cavo-pulmonary shunt. There were 2 postop-
erative deaths and 5 late deaths during follow-up 
of 6.7 (4.8)  years. Arrhythmias were the most 
common late complication [32]. The experience 
reported from the Mayo Clinic in 539 patients 
showed survival at 5, 10, 15, and 20 years of 94%, 
90%, 86%, and 76% respectively. Thirty-six per-
cent experienced atrial fibrillation or flutter and 
27% had endocarditis [33].

16.8.3	 �Carcinoid Heart Disease

Symptomatic patients with severe TV dysfunc-
tion despite treatment with somatostatin ana-
logues generally require valve replacement. 
Surgical intervention, aside from relief of symp-
toms, is also credited with improved survival in 
this lethal disease. Balloon valvuloplasty has 
been used in rare cases with predominant tricus-
pid stenosis. This represents a high risk surgical 
group [34]. The published experience of surgery 
for carcinoid heart disease is limited and there is 
no consensus at present about timing, indications 
of surgery or choice of prosthetic valves [35].

16.8.4	 �Infective Endocarditis

Infection of the tricuspid is commonly related to 
intravenous drug abuse and poses a significant 
challenge in management. Early cases may 
undergo successful valve repair with resection of 
vegetation, focal leaflet resection and annulo-
plasty. However, the large majority have signifi-
cant valve destruction and are candidates for 
valve replacement. The chances of reinfection in 
drug addicts is considerable and medical follow-
up is likely to be sporadic. Hence, tricuspid val-

vectomy has been utilized with good initial 
results, since the resulting TR in absence of pul-
monary hypertension is hemodynamically well 
tolerated [36]. However, the long-term results are 
discouraging. Replacement with bioprosthesis 
may be preferred despite young age of the patient, 
owing to lack of reliance on oral anticoagulation 
therapy in this group of patients [37].

16.8.5	 �Cleft Tricuspid Valve

Most adult patients presenting with cleft TV have 
milder pathology and are successfully repaired. 
Younger patients with extremely malformed 
valves may require valve replacement [38].

16.8.6	 �Iatrogenic Tricuspid 
Regurgitation

TR associated with pacemaker trauma is gener-
ally amenable to valve repair. Rare cases with 
secondary fibrotic changes may require valve 
replacement [39].

16.9	 �Percutaneous Approaches

In recent years, the TV has been regarded as a 
potential target for new percutaneous treatments 
in view of the increasing recognition that long-
term surgical results are suboptimal due to resid-
ual/recurrent regurgitation and repeat surgery 
carries a significant risk. Percutaneous valve 
implantation is feasible in degenerated prosthetic 
tricuspid valves, and may improve haemody-
namic and functional status [40]. The differences 
in reported approaches show that there is no con-
sensus for the best strategy in these complex pro-
cedures. Larger series and long-term follow-up 
are needed to better assess the role of this tech-
nique in the future. Moreover, whereas results for 
valve-in-valve procedures are good, paravalvular 
leaks occurring with rigid annuloplasty rings are 
a source of concern. This issue may improve in 
the near future with dedicated devices, which 
should offer longer covered lengths [40].
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For the native tricuspid valve, preliminary 
results with the two bicuspidization techniques 
validate their feasibility [41, 42]. More experi-
ence is needed to assess their clinical benefit and 
define the best candidates. Finally, a number of 
other devices are in preclinical development, and 
there is no doubt that the next decade will see the 
full recognition of the tricuspid valve in the field 
of transcatheter treatments [43, 44].

�Conclusions

Tricuspid disease is predominantly character-
ized by TR, which is mainly secondary to left-
sided heart valve disease. Tricuspid disease has 
long been ignored, with the belief that TR 
would improve after surgical correction of left-
sided valve disease. A large body of evidence 
now supports the negative effect of significant 
TR, and this recognition has led to more fre-
quent indications for combined as well as occa-
sionally isolated tricuspid surgery, with the 
inherent risk of subsequent dysfunction of tri-
cuspid repair or replacement. A variety of 
repair techniques have been developed over the 
years with repair using a prosthetic annulo-
plasty ring regarded as superior to suture tech-
niques. Despite the efficacy of repair techniques, 
residual/recurrent TR is a universally recog-
nized phenomenon. Similarly, replacement 
with a bioprosthetic valve is fraught with struc-
tural valve degeneration. Whatever the clinical 
context, redo TV surgery is often associated 
with high morbidity and mortality rates. 
Following the recent development of transcath-
eter therapies for aortic and mitral valve dis-
eases, the possibility of lower-risk tricuspid 
valve intervention is therefore particularly 
attractive and the emerging literature on the 
subject makes encouraging reading.
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Abstract

Conventional right heart pacing with leads 
placed at the right atrial appendage (RAA) and 
right ventricular (RV) apex produces iatrogenic 
dyssynchrony. Atrial dysssynchrony may favor 
the development of atrial tachyarrhythmias, but 
the data have been relatively limited and have 
not yet had any influence on clinical practice. 
However, the evidence of deleterious effects of 
the iatrogenic dyssynchrony in the form of left 
bundle branch block (LBBB) which is pro-
duced by RV apical pacing has been compel-
ling and has led to some degree of a paradigm 
shift in our approach to conventional RV pacing 
by adopting selective site pacing and avoiding 
the RV apex, at least for patients with left ven-
tricular (LV) dysfunction and/or heart failure, 
who are the ones who seem to be afflicted the 
most and are apparently better responders to 
non-RV apical pacing. The type of inter- and 
intra-ventricular dyssynchrony produced by 

classical RV apical pacing (iatrogenic LBBB) 
leads to pacing-induced cardiomyopathy simi-
lar to the dyssynchrony conferred by spontane-
ous LBBB, both manageable by biventricular 
pacing or cardiac resynchronization therapy 
(CRT). The evidence regarding the adverse 
effects of conventional right heart pacing is 
analyzed and reviewed in this chapter together 
with the data concerning selective or alternate 
site right heart pacing.
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17.1	 �Conventional Right Heart 
Pacing

Dual-chamber atrioventricular (AV) pacing had 
been heralded and quoted as “physiological” or 
“universal” cardiac pacing when first made tech-
nically feasible and clinically available. [1–4] 
This conventional dual-chamber pacing system 
provides AV synchrony by pacing the right atrial 
appendage (RAA) at the atrial level and the right 
ventricular (RV) apex at the ventricular level 
(Fig. 17.1). Furthermore, these traditional pacing 
sites are easily accessible and provide stable lead 
positioning and reliable chronic pacing and sens-
ing thresholds, mostly with use of passive fixa-
tion leads. However, nobody initially suspected 
that this type of cardiac stimulation was far from 
physiological pacing as it produced an iatrogenic 
left bundle branch block (LBBB) (Fig. 17.1), the 
consequences of which we came to realize at a 
much later stage [5–9]. Most likely this must 
have been the reason that the benefits of dual- 
over single-chamber pacing could never have 
been clearly demonstrated in several analyses 

with regards to hard-end-points, such as survival 
[1, 10], apparently negated by the deleterious 
effects of the produced dyssynchrony [11–13].

Indeed, over the last two decades, several 
studies have demonstrated the harmful conse-
quences of intraventricular conduction delay, 
particularly those produced by intrinsic left bun-
dle branch block (LBBB), which has been 
reported to afflict about 20–30% of heart failure 
patients [14–18]. In the presence of LBBB, ven-
tricular dyssynchrony can confer hemodynamic 
and clinical deterioration due to a resultant reduc-
tion of stroke volume and cardiac output, further 
leading to clinical worsening in patients with left 
ventricular (LV) dysfunction and heart failure. In 
certain patients, long-standing LBBB may even 
be an identifiable reversible cause of cardiomy-
opathy [19]. All these ailments produced by this 
type of dyssynchrony are alleviated by cardiac 
resynchronization therapy (CRT) effected via 
biventricular pacing [20, 21]. Several studies 
have demonstrated over the years that CRT offers 
substantial clinical improvement and survival 
benefit in these patients [22].

Fig. 17.1  Conventional dual-chamber right heart pacing 
entails anchoring or screwing an atrial lead into the right 
atrial appendage (RAA) and a ventricular lead at the RV 
apex (RVA). An anteroposterior view is viewed on the left 

panel and a right anterior oblique view on the right dis-
playing the respective leads. The ECG at the lower panel 
displays an LBBB-like morphology with very wide QRS 
indicating the degree of ventricular dyssynchrony
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Although it has become abundantly clear that 
LBBB is functionally deleterious, there are still 
those who continue producing iatrogenic LBBB 
by applying conventional permanent cardiac pac-
ing in their practices. Indeed, in concert with the 
above data regarding the adverse hemodynamic 
and clinical effects of the spontaneous LBBB, 
data are accumulating, which convincingly indi-
cate that the iatrogenic LBBB, produced by our 
conventional RV apical pacing technique 
employed in permanent cardiac pacing, is equally 
harmful [11, 13, 23]. The evidence of a deleteri-
ous effect of RV apical pacing on both otherwise 
healthy individuals and heart failure patients is 
such that we cannot afford being complacent 
with such a routine practice any longer.

Similar to the ventricular dyssynchrony pro-
duced by conventional RV pacing, conventional 
RAA pacing has been implicated in producing 
atrial dyssynchrony that can lead to atrial tachyar-
rhythmias (atrial fibrillation) and compromised 
atrial mechanical function [24, 25].

17.2	 �Clinical Studies of Harm 
Conferred by RV Apical 
Pacing/RV Pacing-Induced 
Cardiomyopathy

The realization of a serious adverse effect of 
dual-chamber conventional pacing came abruptly 
when the results of the DAVID trial were pub-
lished in 2002, showing that in 506 patients fitted 
with an implantable cardioverter defibrillator 
(ICD) device, also having a LV ejection fraction 
(LVEF) of ≤40%, dual-chamber pacing in 250 
patients compared with ventricular backup pac-
ing in 256 patients was actually detrimental by 
increasing the combined end point of death or 
hospitalization for heart failure [26]. Over 1 year, 
the hazard ratios for the DDDR pacing group 
compared with the VVI group were 1.61 for heart 
failure hospitalization or death, 1.54 for heart 
failure hospitalization and 1.61 for death. Similar 
results were subsequently reported by a MADIT 
II substudy comprising 567 patients [27].
According to this study, during a 20-month fol-
low-up, 369 patients having high cumulative RV 

pacing (>50%), had a higher incidence of new or 
worsened heart failure (50% vs 20%, p < 0.001; 
hazard ratio 2.1) and heart failure or death (haz-
ard ratio 1.9) compared to 198 patients with 
infrequent RV pacing. In addition, patients in the 
high pacing group had significantly more epi-
sodes of ventricular tachycardia events requiring 
shock or antitachycardia pacing by the ICD than 
did patents in the low pacing group (p < 0.001).

However, even before the results of the 
DAVID trial, several studies and case reports 
had been providing clues indicating a plethora of 
harmful effects of long-term RV apical pacing 
(Table 17.1) [5, 6, 8, 28, 29]. Importantly, a lon-
gitudinal controlled study reported the long-term 
effects of RV apical pacing in 24 young patients 
(mean age of 19.5 years) who received conven-
tional permanent pacemakers [7]. These patients 
were followed for a mean of 9.5 years. The dura-
tion of RV apical pacing ranged from 0.7 to 
18.9 years (median 10). Right ventricular apical 
pacing led to irreversible LV dysfunction. Both 
LV systolic and diastolic function indexes were 
impaired in comparison with the indexes of 33 
age- and basal surface area-matched healthy 
control individuals. Paced QRS interval and age 
were found to significantly influence global LV 
contraction in these patients. The same group 
performed myocardial biopsies in 14 patients 
with congenital complete heart block and 

Table 17.1  Adverse effects of right ventricular apical 
pacing

•	 LV dyssynchrony (iatrogenic LBBB)

•	 Pacing-induced cardiomyopathy

•	 LV remodeling (dilatation, hypertrophy)

•	 Systolic and diastolic LV dysfunction

•	 Decreased cardiac output/increased filling pressure

•	 Heart failure

•	 Myocardial perfusion defects

•	 Functional mitral regurgitation

•	 Altered myocardial histology

•	 Increased left atrial diameter

•	 Atrial fibrillation

•	 Increased sympathetic nerve activity

•	 Promotion of ventricular arrhythmias

•	 Increased morbidity and mortality

LBBB left bundle branch block, LV left ventricle
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otherwise normal cardiac anatomy, demonstrat-
ing altered cardiac histology produced by 
chronic RV apical pacing, potentially explaining 
the compromised LV function observed clini-
cally [30]. These results clearly point to a newly 
recognized pathology, that of “pacing-induced 
cardiomyopathy” [31]. This is defined as a ≥10% 
decrease in LVEF, with resultant LVEF <50% in 
patients being chronically paced at the RV apex. 
An incidence of 9–26% has been reported in 
various studies when the percentage of constant 
ventricular pacing exceeds 40% [32, 33]. 
However, some investigators have suggested that 
this type of cardiomyopathy (CM) may develop 
even at lower pacing percentages; in one study, 
13% of patients developed this type of cardio-
myopathy with pacing percentages between 20 
and 40 [31]. Other studies have found a lower 
percentage of LV function deterioration (6%) 
with RV pacing percentage not being predictive 
of outcome [34].

Some investigators have suggested that devel-
opment of early (at 1 month) pacing induced dys-
synchrony could predict reduction of LV systolic 
function with long-term RV apical pacing, which 
could be prevented by biventricular pacing [35]. 
The percentage of early pacing induced dyssyn-
chrony could be as high as 50%; significant 
LVEF reduction (defined as ≥5%) occurred in 
~72% of patients with dyssynchrony vs only in 
30% in those without dyssynchrony [35]. 
Importantly, at long-term follow-up (median 
4.8  years), LVEF was reduced with RV apical 
pacing even in patients (up to 1/3) who did not 
exhibit early dyssynchrony. In a recent CRT 
study comprising 914 patients (117 with conven-
tional pacemakers and 797 with intrinsic LBBB), 
mechanical dyssynchrony was observed in 51% 
of patients with chronic RV pacing vs 77% in 
patients with intrinsic LBBB [36]. In both groups, 
CRT produced a favorable effect on reverse 
remodeling and long-term (4-year) survival, 
mainly determined by the presence of mechani-
cal dyssynchrony and not by the nature of 
LBBB.  Thus, mechanical dyssynchrony devel-
ops quite commonly in patients with chronic RV 
apical pacing; importantly, whether iatrogenic or 
intrinsic the nature of LBBB, when it produces 

mechanical dyssynchrony, CRT appears to be the 
appropriate therapeutic modality.

Studies quantifying the QRS duration have 
suggested that QRS duration is a significant and 
independent predictor of cardiovascular mortal-
ity in a general medical population [37]. Similar 
results have been obtained in patients with an 
abnormal electrocardiogram, a bundle branch 
block, and a paced rhythm. Thus, an inordi-
nately prolonged (>190  ms) paced QRS may 
confer adverse clinical outcomes [38]. In a 
study of 247 patients undergoing long-term RV 
apical pacing (>90% ventricular pacing with AV 
synchrony for more than 1  year) for acquired 
AV block and normal LV systolic function 
(LVEF >50%), over a mean follow-up of 
6.9 years, a duration of paced QRS >163 ms and 
axis > −65° predicted adverse clinical outcomes 
[39]. Similar findings regarding the detrimental 
effect of prolonged paced QRS duration 
(>160 ms) on long-term cardiac function during 
RV apical pacing have been reported in studies 
of patients with complete AV block receiving a 
permanent pacemaker [33, 40]. On the other 
hand, in another study, a normal paced QRS axis 
was associated with a preserved LV function 
[41]. Based on the potential adverse effect of a 
prolonged paced QRS, some investigators have 
proposed that patients with frequent RV pacing 
and paced QRS duration ≥150  ms should be 
screened by echocardiogram to assess for pac-
ing-induced CM [42].

More data on the adverse effect of RV apical 
pacing have become available via studies assess-
ing the prevalence of congestive heart failure or 
LV dysfunction among chronically paced 
patients, comprising both single- and dual-
chamber pacing [43, 44]. Thus, ventricular 
desynchronization imposed by RV pacing even 
when AV synchrony is maintained increases the 
risk of heart failure hospitalization, in addition to 
the risk of atrial fibrillation (AF), in sinus node 
dysfunction with normal baseline QRS duration. 
Other data have suggested that atrial pacing is 
preferred over RV apical pacing in patients with 
sick sinus syndrome and normal AV conduction, 
as it avoids the adverse effects of RV apical pac-
ing, which include both the promotion of AF 
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probably by causing left atrial dilation and the 
reduction of LV function [45].

Thus, studies have demonstrated that pacing-
induced cardiomyopathy can emerge in a wide 
range of percentages among patients receiving 
long-term RV apical pacing, afflicting both 
patients with LV dysfunction and patients with 
normal LV function at baseline. This calamity 
has been amply shown to be prevented or man-
aged with biventricular pacing and CRT [46], 
however, the role of alternate site pacing of the 
RV in preventing and/or managing these patients 
is not clear yet.

17.3	 �Selective or Alternate Site 
Right Ventricular Pacing

Considering the harmful effects of RV apical 
pacing, alternate sites of ventricular stimulation 
have been sought (Fig. 17.2). Selective or alter-
nate site pacing involves pacing of other RV sites 
(outflow or septal sites) [11, 47, 48]. However, 

there has now been abundant experience with 
biventricular or LV pacing modes, which have 
immensely benefited patients with spontaneous 
or pacing-induced LBBB [22, 36]. Thus, the 
advantages of CRT effected by biventricular pac-
ing are clear for certain groups of patients, par-
ticularly for patients with LV dysfunction (LVEF 
≤35%) and New York Heart Association (NYHA) 
class II-ambulatory IV symptoms of heart failure 
[20–22, 49]. Left univentricular pacing has also 
been reported to be advantageous [50]. Studies 
have compared RV apical pacing with CRT in 
patients with refractory heart failure, confirming 
the benefits of biventricular pacing over RV pac-
ing [11, 51, 52]. CRT may lead to reversal of 
some of the chronic deleterious effects of ven-
tricular dyssynchrony. Studies using Doppler 
echocardiograms and tissue Doppler imaging 
techniques, have shown that CRT significantly 
improved LV function and reversed LV remodel-
ing during long-term follow-up [53–56]. Whether 
this can be achieved with other alternate site RV 
pacing methods remains to be elucidated in future 

Fig. 17.2  Alternate or selective site pacing was effected 
in these patients by placing the right atrial (RA) lead at the 
inter-atrial septum (IAS) in juxtaposition of the Bachman’s 
bundle and the ventricular lead either at the RV outflow 
tract (RVOT) (left panel) or the RV septum (RVS) at a 

parahisian position (right panel). Pacing at the RVOT pro-
duces a wide QRS (left lower panel), while parahisian 
(RVS) pacing results in a QRS of much shorter duration 
(right lower panel), indicating minimized dyssynchrony
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studies. Thus, issues dealing with CRT will not 
be analyzed further in this review, and we will 
limit the discussion to selective site RV pacing. 
Whether biventricular pacing provides better 
CRT when a combination of RV apical and LV 
pacing or RV septal and LV pacing is used, 
remains a moot point and probably clinically 
non-relevant, since the data indicate that either 
way of CRT remains equally effective [57].

In search of alternate RV pacing sites, the RV 
outflow tract has been more extensively studied 
[58–60]. (Fig. 17.2). A pooled analysis of 9 pro-
spective studies, evaluating the hemodynamic 
effects of RV outflow-tract pacing in 217 patients, 
indicated a modest but significant hemodynamic 
benefit compared with RV apical pacing (odds 
ratio of 0.34) [29]. Apart from the pooled analy-
sis, there are additional studies, which compare 
RV apical with alternate site pacing and suggest 
better performance of alternate site pacing [61]. 
However, it is difficult from these studies to dis-
cern which site may be optimal, as there is a lack 
of a uniform definition and identification of each 
specific site, but most of them agree that at least 
the data point to a site away of the RV apex. New 
pacing lead systems of novel technology have 
been introduced to assist in this direction, such as 
very thin active-fixation leads bearing no lumen 
and thus no guiding stylet, with insertion and 
endocardial positioning being facilitated by a 
steerable guiding catheter [47, 62].

RV septal pacing has been proposed as a better 
choice compared to RV apical pacing, with 
emerging evidence that pacing from the RV sep-
tum is associated with less dyssynchrony, a 
shorter duration of activation (Fig.  17.2), 
improved hemodynamics, and less LV remodel-
ing [9, 63–65]. In a small crossover randomized 
pilot study of 28 patients with permanent AF who 
received permanent pacing with two leads placed 
at the RV apex and RV septum, septal pacing was 
associated with shorter QRS (145  ±  4  ms vs 
170 ± 4 ms, P < 0.01) and normal axis (40° ± 10° 
vs −71 ± 4°, P < 0.01) [66]. At 3 months, among 
patients with baseline LVEF ≤45%, LVEF was 
42 ± 5% after septal pacing vs 37 ± 4% after api-
cal pacing (P  <  0.001). The authors concluded 
that in contrast to RV apical pacing, chronic RV 

septal pacing preserved LVEF in patients with 
baseline LVEF ≤45%. In another study compris-
ing 149 patients undergoing implantation of a 
dual chamber pacemaker for AV block with either 
RV septal-pacing or RV apical-pacing, the rates 
of mortality and hospitalization due to heart fail-
ure were significantly lower in the RV septal-
pacing group (event free RV septum: 1 year, 98% 
and 2  years, 98%; RV apex: 1  year, 85% and 
2 years, 81%; p < 0.05) [67]. None of the patients 
died from heart failure in the RV septal-pacing 
group, while 4 patients died from heart failure in 
the RV apical-pacing group within 2 years after 
pacemaker implantation. The paced QRS interval 
was significantly shorter with RV septal pacing. 
The authors concluded that RV septal pacing is 
feasible and safe with more favorable clinical 
benefits than RV apical pacing. Similarly, favor-
able results were obtained with RV septal pacing 
in another retrospective comparative study of 3 
groups of patients; 244 patients with RV high 
septal parahisian site pacing; 22 patients with 
low percentage of pacing (<20%); and 33 patients 
with high percentage, i.e. >80%, RV apical pac-
ing, followed for 21 months [68]. A recent retro-
spective study of 3450 patients compared at 
5  years patients with apical and septal leads 
(n  =  238), apical and non-septal non-apical 
(n = 733), and apical and septal with >40% ven-
tricular pacing [69]. Septal lead position was 
associated with a lower mortality compared to 
apical leads (24% vs 31%, p = 0.02). In patients 
with >40% pacing, septal leads were associated 
with higher rates of incident AF compared to api-
cal leads (49% vs 34%, p  =  0.04). Non-septal 
non-apical lead positions were associated with a 
significantly higher rate of lead dislodgement 
(4% vs 2%, p = 0.005) and need for revision (8% 
vs 5%, p = 0.005). In a small randomized study, 
among 71 patients having 98% ventricular pac-
ing, at implant, QRS duration was significantly 
greater in the apical (158 ms) (n = 34) than the 
septal group (146 ms; P = 0.018), the QRS axis 
was left in the apical and normal in the septal 
group (P < 0.001) [70]. At 1 year, although the 
6-min walk improved similarly, the LVEF 
increased significantly only in the septal group 
(from 0.57 to 0.61; P  =  0.008). Among 273 
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patients with permanent AF and low (<30%) 
LVEF needing a pacemaker implantation, those 
(n = 113) with mid-septal RV pacing were clini-
cally improved and had a significant (5%) 
increase in LVEF at 18  months compared with 
patients (n  =  120) who had RV apical pacing 
(P = 0.01) [71].

However, other studies have not shown a dis-
tinct clinical benefit of RV septal pacing over RV 
apical pacing in similar or much larger cohorts of 
patients with normal baseline LVEF over short- 
or medium-term (~1 to 2-years) follow-up period 
[72–78]. However, one relevant problem may 
relate to inadvertent placement of the lead to 
anterior or other sites rather than septal positions 
[77, 79], while data on QRS duration are lacking 
in these studies, as some studies have proposed 
that QRS duration can better predict outcome 
compared to pacing site alone [80, 81]. Thus, the 
target for pacing site optimization might be a 
paced QRS as narrow as possible. Such a rela-
tively narrow QRS could be obtained with a para-
Hisian pacing site (Fig. 17.2), which appears to 
preserve LVEF and mechanical synchrony [82].

Permanent His-bundle pacing has also been 
suggested and animal and patient data indicate 
that this may be feasible, albeit technically chal-
lenging, and it might be a safe and effective 
option of attaining physiologic pacing [83–85]. 
Nevertheless, a more practical approach might be 
para-Hisian pacing (Fig.  17.2) which does not 
require insertion of an electrode catheter and 
recording of the His bundle electrogram [82, 86, 
87]. Selective conduction system pacing has been 
suggested as a better terminology to indicate 
attempts to selectively pace the conduction sys-
tem to produce a short QRS morphology without 
practically capturing the ventricular myocardium 
[88]. Para-Hisian pacing has also been proposed 
to decrease the incidence of AF compared with 
RV apical or septal pacing [89].

Finally, in patients with technically difficult or 
failed coronary sinus lead placement, some 
investigators have shown satisfactory results 
with bifocal RV pacing, with one lead placed at 
the RV apex and a second lead placed high at the 
RV outflow tract [90, 91]; in non-responders to 
standard CRT, triple site (LV plus bifocal RV) 

pacing has been proposed [48]. Alternatively, His 
bundle pacing might be an option in lieu of a left 
ventricular lead to attain CRT in patients with 
LBBB [92, 93], or parahisian pacing may be 
selected for patients with RBBB, in whom con-
ventional CRT with biventricular pacing may not 
be expected to be efficacious [94–97].

17.4	 �Clinical Implications

The adverse hemodynamic effects of spontaneous 
LBBB have well been established [14, 15]. LBBB 
produces asynchronous myocardial activation 
(dyssynchrony) which may trigger ventricular 
remodeling. This ventricular dyssynchrony can 
lead to both systolic and diastolic LV dysfunction 
and the development or worsening of heart failure 
symptoms. In the presence of LBBB, reversible 
myocardial perfusion defects have been demon-
strated on radionuclide scintigraphy in the absence 
of significant coronary artery disease, while some 
patients with intermittent LBBB may even 
develop angina concurrently with the onset of 
LBBB [98]. In patients with dilated cardiomyopa-
thy, LBBB is accompanied by progressive LV 
dilation and mitral regurgitation, shortening of LV 
filling time, lower LVEF, increased symptomatol-
ogy and poor prognosis with reduced survival [14, 
15, 98]. Restoring LV synchrony with CRT has 
been demonstrated to have a significant impact on 
both patients’ symptomatology, and on their sur-
vival [21, 22].

Although the deleterious effects of spontane-
ous LBBB have been well described, it is only 
over the last 1–2 decades that we are becoming 
poignantly aware of the harmful consequences of 
the iatrogenic LBBB (pacing-induced cardiomy-
opathy) produced by RV apical pacing in patients 
with conventional permanent pacemakers [11, 
23, 99, 100]. Taking into account all the evidence 
accumulated to date on the adverse effects of the 
iatrogenic LBBB, many arrhythmologists have 
reconsidered their approach to conventional RV 
apical pacing [101]. A practical approach is pro-
posed in the algorithm depicted in Fig.  17.3. 
Firstly, for those patients already having conven-
tional pacing systems, particularly in the presence 
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of LV dysfunction or heart failure, pacemaker 
programming should be employed to minimize 
RV pacing [102]. Over the recent years, pace-
maker devices are equipped with special auto-
mated algorithms minimizing ventricular pacing 
[23, 103]. Thus, in patients with sinus node dys-
function but with normal AV conduction, func-
tional AAIR pacing is established for most of the 
time either by activating these algorithms, or 
when unavailable, by programming a long AV 
delay (≥250  ms) [45]. With regards to patients 
with AV block, use of alternate site pacing 
becomes imperative, particularly when dealing 
with patients with compromised LV function [12, 
104]. However, for those patients who already 
have an implanted conventional pacemaker, 
either a dual-chamber pacing system in the pres-
ence of sinus rhythm or a single-chamber system 
in cases of permanent AF, one should seriously 
consider upgrading them to biventricular systems 
if moderate or severe LV dysfunction is present 
[53, 105, 106]. In select cases, RV septal pacing 
alone may be hemodynamically more advanta-
geous than RV apical pacing [101, 107]. Choosing 

a specific alternate pacing site remains at the 
operator’s discretion, but evidence suggests that 
RV septal pacing, particularly para-Hisian, or, of 
course, His-bundle pacing, albeit a more tedious 
and elaborate procedure for now, appears to be 
the preferred approach [68, 82, 86]. In general, 
avoiding the conventional RV apical position 
seems to be the way to go in every patient in need 
for cardiac pacing for any bradyarrhythmic 
cause. A suggested guidance might aim for a sep-
tal site producing a relatively narrow paced QRS 
(≤150 ms) [42]. Some promising data of RV sep-
tal pacing producing narrow QRS in patients 
with RBBB are emerging that might hopefully 
translate into a form of cardiac resynchronization 
for such patients, in whom CRT with biventricu-
lar pacing has not been shown to have a consis-
tent benefit in this particular group of patients 
[94, 95]. Even in patients requiring CRT where 
the LV lead implantation fails, this approach 
might present as an alternative strategy [97].

A systematic review and meta-analysis of 14 
randomized controlled trials involving 754 
patients, indicated that compared with subjects 

Need for Permanent RV Pacing

New implants

Avoid RVA

Expected high VP >20-40%

HF/LVD

RVS/Parahisian VP
(aim for narrow QRS)

nl LVEF

APS / ??RVA Upgrade to RVS / CRT

HF/LVD/AVB/↑VP)

Low VP <20-40%

Pulse generator replacement

Program device
to minimize VP

Fig. 17.3  An algorithm 
is proposed for patients 
receiving an RV pacing 
lead (see text for 
discussion). APS 
alternate pacing site, 
AVB atrioventricular 
block, CRT cardiac 
resynchronization 
therapy, HF heart 
failure, LVD left 
ventricular dysfunction, 
LVEF left ventricular 
ejection fraction, nl 
normal, RVA right 
ventricular apex, RVS 
right ventricular septum, 
VP ventricular pacing
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randomized to RV apical pacing, those random-
ized to RV non-apical pacing had greater LVEF 
at the end of follow-up [61]. Importantly, LVEF 
improvement was greater in trials with follow-up 
≥12  months, and those conducted in patients 
with baseline LVEF ≤40–45%; while no signifi-
cant difference was observed in trials of patients 
whose baseline LVEF was preserved. The authors 
concluded that while randomized controlled tri-
als suggest that LVEF is higher with RV non-
apical than with RV apical pacing, there remains 
a need for larger trials to compare the safety and 
efficacy of RV non-apical and RV apical pacing. 
Another systematic review and meta-analysis of 
24 studies (n = 1628 patients) showed that among 
studies reporting a difference (in favor of RV 
non-apical pacing), the weighted mean difference 
in LVEF between RV non-apical and RV apical 
pacing at follow-up was 5.40%, related in part to 
group’s RV apical arm demonstrating a signifi-
cant reduction (mean loss −3.31%) in LVEF 
between study baseline and end of follow-up 
[104]. The studies that showed a difference more 
frequently included patients with poor baseline 
LVEF (<40%) and had a follow-up >12 months. 
The authors concluded that in patients requiring 
chronic RV pacing where there is inclusion of 
impaired baseline LVEF (<40%), RV apical pac-
ing is associated with deterioration in LV func-
tion relative to RV non-apical pacing.

Finally, a recently published randomized 
study, the Right Ventricular Apical and High 
Septal Pacing to Preserve Left Ventricular 
Function (Protect Pace) study, had disappointing 
results, at least for the mid-term follow-up, show-
ing that in patients with a high-grade AV block 
and preserved LV function requiring a high per-
centage of ventricular pacing, high septal pacing 
did not provide a protective effect on LV function 
over RV apical pacing in the first 2  years [74]. 
Thus, other ongoing studies, such as the Right 
Ventricular Apical versus Septal Pacing (RASP) 
and RIGHT PACE studies, comparing RV apical 
and septal pacing, will have to provide more 
definitive information about the impact of the RV 
pacing on the LV dyssynchrony, and about acute 
and chronic responses to selective site pacing, as 
adopted in current clinical practice [108]. 

Importantly, attention should be paid in such 
studies to avoid heterogeneity of pacing sites 
[79], or in other words, anatomic identification of 
the true pacing site is a most significant factor of 
consistency in comparative studies for more pre-
cise determination of true efficacy and impact of 
selective site pacing.

17.5	 �Conventional Atrial Pacing/
Atrial Dyssynchrony/
Alternate Atrial Site Pacing

Atrial pacing is traditionally effected via pacing 
the RAA as it contains trabeculations to anchor 
the pacing lead [109], is easily accessible and 
provides stable lead position and pacing parame-
ters. A much less commonly discussed or appre-
ciated problem relates to atrial dyssynchrony 
produced by conventional atrial pacing at the 
RAA [110]. This is inferred by the results of sev-
eral studies. According to a randomized, con-
trolled study, RAA pacing (n  =  28) produced 
atrial dyssynchrony with prolongation of the 
atrial, interatrial and AV conduction times com-
pared with atrial septal pacing (n  =  28) [111]. 
Atrial septal pacing decreased the P wave dura-
tion, left atrial electromechanical delay, and 
interatrial interval (P < 0.001). The authors con-
cluded that atrial septal pacing avoids this unde-
sirable prolongation of the atrial, interatrial, and 
AV conductions observed during RAA pacing. In 
addition, septal pacing creates a slight reversal of 
the timing of the atrial systoles and induces a 
shortening of PR interval, the extent of which 
could depend on the height of the pacing site on 
the septum.

According to an echocardiography study, in 
30 patients with sinus node dysfunction and par-
oxysmal AF, right low atrial septal pacing 
(n  =  15) significantly improved global and 
regional atrial mechanical function and synchro-
nized inter-atrial electromechanical contraction 
compared with RAA pacing (n = 15) [112].

According to a study applying dual-site right 
atrial pacing in patients with AF requiring 
demand pacing, atrial pacing resulted in a marked 
decline in AF recurrences [113]. Per their 
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long-term experience with dual-site atrial pacing 
in 30 patients with paroxysmal and chronic drug-
refractory AF, the investigators reported that 78% 
of patients were free of AF recurrence at 1 year, 
63% at 2 years, and 56% at 3 years. Rhythm con-
trol was achieved in 86% of patients during a 
follow-up period of 3 years. Concomitantly, they 
observed a marked reduction in need for antico-
agulation, type I antiarrhythmic drugs, and car-
dioversion therapies.

In another study, conventional right atrial-
paced rhythm (n = 52) conferred a higher inci-
dence of AF (15.4% vs 4%) compared to 
atrial-sensed rhythm (n = 100) (P = 0.023) among 
152 patients (108 men; mean age 73) over a mean 
follow-up of ~4 years [114]. The authors suggest 
that VDD pacing may be a better choice than the 
DDD system for patients with AV block, but 
without clinical evidence of sinus node dysfunc-
tion, and if an atrial lead is required, it should be 
placed close to the Bachmann’s bundle. Other 
investigators report that a pacemaker program 
combining atrial antitachycardia pacing with 
minimized ventricular pacing may confer reverse 
atrial remodeling resulting in lower incidence of 
early AF recurrences, [115] and even delay AF 
disease progression [116].

According to a meta-analysis of 10 controlled, 
randomized clinical trials on interatrial septum 
(IAS) vs conventional pacing, comprising 1245 
patients, compared to conventional atrial pacing, 
IAS pacing conferred no additional benefit on the 
persistent/permanent AF free survival; however, 
it was associated with reduced device-detected 
AF burden and AF frequency. Lead-related com-
plications and major adverse events were similar 
in the two groups [117]. Similarly, the SAFE 
study which randomized 385 patients with parox-
ysmal AF and sick sinus syndrome requiring 
pacemaker implantation to ON/OFF RAA or IAS 
pacing, did not show a benefit of alternate site 
pacing in preventing the development of persis-
tent AF [118].

In summary, earlier reviews indicated that 
atrial tachyarrhythmia prevention by biatrial or 
dual-site right atrial pacing reported in small stud-
ies was not confirmed by randomized trials [117, 
119]. Small studies showed a reduced atrial 

arrhythmia recurrence rate in patients with septal 
pacing at the triangle of Koch or at Bachmann’s 
bundle [120–122]. Another more recent study, the 
controlled randomized Electrophysiology-Guided 
Pacing Site Selection (EPASS) Study, showed 
similar results [123]. It randomly assigned 97 
patients with sinus disease (77 ± 7 years) to inter-
atrial septal pacing vs RAA pacing; 11 (16.6%) 
patients met the primary end point of time to 
development of permanent or persistent AF within 
a 2-year follow-up: 2 septal pacing vs 9 RAA pac-
ing (P = 0.047) [123]. The authors concluded that 
in patients with sinus node dysfunction and intra-
atrial conduction delay, low septal pacing was 
superior to RAA pacing in preventing progression 
to persistent or permanent AF.

In general, the hypothesis that has been 
advanced regarding the potential benefits of sep-
tal or biatrial pacing suggest that these pacing 
modes may reduce or slow the progression of pro-
arrhythmic substrate by reducing atrial activation 
time and improving atrial mechanical efficiency 
during atrial overdrive pacing [124]. Although the 
mechanism remains unclear, alternate site pacing 
at the atrial level may improve atrial mechanical 
efficacy by synchronization of atrial activation via 
stimulation at the level of Bachman’s bundle or 
via multisite atrial pacing [25].

The deleterious effects of conventional RAA 
pacing may extend to CRT patients. According to 
a study of 17 CRT patients studied about 
10 months after implantation, conventional right-
atrial-paced (DDD) compared to right-atrial-
sensed (VDD) biventricular paced rhythm had 
unfavorable hemodynamic effects on cardiac 
resynchronization therapy [125]. The authors 
concluded that avoidance of right atrial pacing 
results in a higher degree of LV resynchroniza-
tion, in a substantial prolongation of the LV fill-
ing period, and in an improved myocardial 
performance. Thus, the VDD mode seems to be 
superior to the DDD mode in CRT patients. 
Whether alternate atrial site pacing may benefit 
these patients remains unknown.

�Conclusion

Conventional right heart pacing with leads 
placed at the RAA and RV apex produces 
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iatrogenic dyssynchrony. At the atrial level, 
the data for a harmful effect of conventional 
RAA pacing are meagre and have not yet led 
to a change in the practice of atrial pacing. 
However, the data of a plethora of deleterious 
effects of the iatrogenic LBBB which is pro-
duced by RV apical pacing have been compel-
ling and have led to some degree of a paradigm 
shift in our approach to conventional RV pac-
ing by adopting selective site pacing and 
avoiding the RV apex. There is still consider-
able room for improvement so that alternative 
site pacing may penetrate the pacing commu-
nity further and thus one can avoid the poten-
tially harmful effects of RV apical pacing at 
least for patients with LV dysfunction and/or 
heart failure, who are the ones who seem to be 
afflicted the most and are apparently better 
responders to non-RV apical pacing. The iat-
rogenic LBBB produced by classical RV api-
cal pacing apparently leads to a form of 
pacing-induced cardiomyopathy which cre-
ates inter- and intra-ventricular dyssynchrony 
similar to the dyssynchrony conferred by 
spontaneous LBBB, both remedied by CRT. In 
the same direction, there is some, albeit less 
strong, evidence that conventional RAA pac-
ing may produce dyssynchrony at the atrial 
level with a pro-arrhyhmic result (AF), which 
may be obviated by alternate site pacing, par-
ticularly at the high inter-atrial septum 
(Bachman’s bundle).
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Resynchronisation Therapy
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Abstract

Cardiac resynchronisation therapy was a 
major advancement in the treatment of 
patients with heart failure, improving both the 
symptoms and left ventricular ejection frac-
tion while reducing left ventricular volumes 
and increasing survival. Nevertheless, in spite 
of all the advancements in the technique and 
the numerous studies aimed at choosing the 
suitable candidates for device implantation or 
the optimal site for lead placement, some 
important questions still remain unanswered 
since a relatively large number of patients fail 
to have an adequate response to left ventricu-
lar pacing (Zareba and Klein, Circulation 
123:1061–72, 2011; Daubert et al., Europace 
14(9):1236–86, 2012). Therefore, having a 
better insight on the means to achieve the 
optimal technique and the different 
approaches suitable for selected, difficult 
cases might help in increasing the number of 

adequate responders. Beside optimal patient 
selection, choosing an appropriate site for 
right and left ventricular lead placement is 
paramount for a successful resynchronisa-
tion. Numerous studies advocate for targeted 
left ventricular lead placement, by using 
either radiological markers, electrical param-
eters or multimodality imaging aimed at find-
ing the latest viable activated left ventricular 
wall segment (Mortensen et  al., Europace 
12(12):1750–6, 2010; Zhou et  al., JACC 
Cardiovasc Imaging 7(12):1239–48, 2014). 
Moreover, when the conventional approach 
for pacing in the left ventricle fails, other 
techniques might prove to be the right solu-
tion, such as endocardial/epicardial (by sur-
gery) methods or leadless pacing (DeRose 
et  al., J Am Coll Cardiol 41:1414–9, 2003; 
Garrigue et  al., Am J Cardiol 88:858–62, 
2001; Auricchio et al., Europace 16(5):681–
8, 2014; Neuzil et  al., Europace 16(Suppl. 
2):35, 2014). Finally, other studies affirm that 
the right ventricular lead position has an 
important influence over the success of resyn-
chronisation (Merchant et  al., Pacing Clin 
Electrophysiol 33:575–82, 2010; Heist et al., 
Am J Cardiol 96:685–90, 2005).
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18.1	 �Introduction

For almost 20  years, cardiac resynchronisation 
therapy (CRT) has been one of the cornerstones in 
treating patients with heart failure, reduced ejec-
tion fraction and interventricular conduction 
delay, as several large trials have established its 
crucial role in improving symptoms and left ven-
tricular (LV) function, while reducing heart fail-
ure (HF) hospitalisations and mortality [1, 11–13]. 
However, despite its large availability and signifi-
cant technical advancements compared with its 
early days, one of the major limitation of CRT in 
current medical practice is the large proportion of 
patients who fail to show an improvement in 
functional and structural parameters—with an 
estimated rate between 20 and 40% [2]. Therefore, 
efforts have been made not only to predict before-
hand who will respond to CRT, but also to opti-
mise the procedure for maximal clinical benefit 
[14]. Current approach is focused on better patient 
selection, targeted LV and right ventricular (RV) 
lead placement to reduce mechanical and electri-
cal dyssynchrony, ideally assisted by multimodal-
ity imaging, while using different surgical 
techniques for accessing the optimal pacing site 
and better device programming.

18.2	 �The Influence of Right 
Ventricular Lead Location 
Over CRT Success

While the LV pacing site is very important for a 
successful resynchronization therapy, data 
regarding an optimal position for the right ven-
tricular (RV) lead is still controversial and its 
overall impact on CRT outcome remains unclear 
[15]. Practice usually varies from centre to cen-
tre, but conventionally an apical location is pre-
ferred, especially for CRT with defibrillation 
function (CRT-D), as it allows the entire distal 
coil to lie in the RV, which may lower the defi-
brillation threshold and decrease the odds of 
damaging the tricuspid valve [2, 15, 16].

Alternate pacing sites for placing the RV lead 
have been proposed (high septal/mid-septal—
the Hiss-bundle area, or RV outflow tract). The 

explanation for choosing the septal region for 
RV lead placement during CRT procedure lies in 
observations derived from previous studies that 
showed that single-site RV apical pacing is del-
eterious for myocardial performance [17–20]. 
Faster ventricular activation (resulting in a nar-
rower QRS), improvements in myocardial perfu-
sion [20], and hemodynamic parameters [17, 19] 
and a decrease in wall motion abnormalities and 
adverse histopathological changes (myofibrilar 
disarray) have been associated with choosing a 
septal pacing site. However, other studies didn’t 
show the superiority of this approach in single-
site RV pacing [21, 22]. Such discrepancies 
might be explained by the difficulty of placing 
the RV lead in the proximity of the Hiss-bundle 
area and the different follow-up periods, since 
adverse anatomical and histopathological 
changes require a certain amount of time to 
become apparent [20, 23].

Most studies that evaluated the impact of alter-
native RV pacing sites in CRT-receivers are 
derived form post hoc analyses of main large tri-
als. For example, in the REVERSE trial there 
were no significant differences regarding prema-
ture death or the time before the first hospitaliza-
tion for heart failure [24]. In another retrospective 
study based on the MADIT-CRT trial cohort, 
Kutyifa et al. found no influence over clinical out-
come (heart failure or death) between apical and 
non-apical RV lead position, while a higher risk 
for arrhythmic death due to ventricular tachycar-
dia or ventricular fibrillation was noted (mainly in 
the first year after device implantation) in patients 
with a nonapical lead location [25]. While some 
observational, non-randomised studies hinted at a 
potential benefit from RV septal pacing (further 
narrowing of the QRS—although a shorter QRS 
was not related to better clinical outcomes—prob-
ably because temporal synchrony is not fully 
superimposable with spatial synchrony, and better 
LV reverse remodelling) [23], the results of other 
small, prospective studies further supported the 
fact that the RV lead position is not a major deter-
minant for CRT success, with no significant dif-
ferences regarding LV reverse remodelling after 
6  months of follow up [26]. Moreover, the 
SEPTAL-CRT trial—a multicentre, randomized 
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trial that assigned 263 patients in a 1:1 ratio either 
to RV septal pacing or RV apical pacing found no 
difference between the two groups regarding the 
clinical outcome, improvement of LV ejection 
fraction and LV end-systolic volume reduction 
[27]. As discussed above, the possible confound-
ing factors that might lead to such differences are 
the short follow up period (6 months for almost all 
the studies), the lacking of precise localization of 
the Hiss bundle only by using fluoroscopy and 
probably the most important factor—the influ-
ence of the relative position of the RV lead in rela-
tion to the LV lead [28]. Indeed, there are several 
studies that further advanced the hypothesis that 
interlead distance (mainly the anterior-posterior 
or horizontal separation) measured during fluo-
roscopy in the standard left anterior oblique 
(LAO) and right anterior oblique (RAO) projec-
tions or on postoperative chest X-rays might be 
correlated with reverse remodelling. Both 
Merchant et al. and Heist and co-workers found a 
positive link between a greater separation of the 
two leads and acute hemodynamic improvement 
with better electrical separation between the two 
ventricles and LV lead electrical delay, which 
translated in more positive outcomes [9, 10]. The 
same findings were supported by a study led by 
Miranda et al., which further showed that a mid-
septal RV lead position is associated with 
improved electrical separation [29]. However, 
another study with similar design failed to show a 
link between interlead distances and reverse 
remodelling, although there was no assessment of 
clinical, functional and quality of life parameters 
[30]. Possible explanations for these results might 
lie in the relative small number of patients 
recruited, the inclusion of patients with ischemic 
HF (where the presence of scarring tissue is a 
limitation for CRT success) and the difficulty 
in  assessing the real distance between the 
two  leads only from bidimensional standard 
projections [30].

To conclude, there are no definite recommen-
dations for RV lead placement for CRT receivers 
and we are in dire need for long-term multicentre 
randomized trials to assess the benefit of alterna-
tive RV pacing sites and the maximisation of 
interlead distance in the CRT population, ideally 

by using complementary imaging techniques to 
identify the optimal pacing site (contrast angiog-
raphy for RVOT, echocardiography—speckle 
tracking/3D echo/intracardiac echography, car-
diac magnetic resonance imaging (MRI) or car-
diac computed tomography (CT)) [31]. Moreover, 
in the presence of severe myocardial disease or 
extensive scar tissue, adequate pacing threshold 
and sensing may limit the available sites for the 
RV lead placement [2].

18.3	 �Left Ventricular Lead 
Placement: Available 
Techniques

18.3.1	 �Conventional Approach

The mainstay of LV lead placement is the trans-
venous approach by cannulating one of the 
branches of the coronary sinus (CS). Usually the 
RV lead is positioned first, since trauma to the 
right bundle branch during CS cannulation may 
lead to complete heart block and immediate need 
for pacing [2]. Strategies for CS cannulation 
include using a guide sheath with a J-shaped 
curve (ideally adjusted to right atrium (RA) size) 
in combination with an ablation catheter (deflect-
able)/angiography guide catheter/J-guidewire or, 
for difficult cases (prominent sub-eustachian 
pouch, prominent thebesian valve, a large left 
ventricle or right atrium) using a secondary 
Amplatz-type catheter, hydrophilic guidewires or 
balloon dilation of the coronary sinus, in addition 
to small injections of contrast media [2, 31]. The 
CS cannulation is possible in over 95% of the 
cases. Usually, after a successful CS cannulation, 
retrograde angiography is performed, either by 
direct injection, or by using a balloon occlusion 
catheter—this allows for a better anatomical 
assessment and selection of the optimal branch 
for lead positioning. Obtaining two projections is 
recommended—LAO projection allows for 
branch localization, while the anterior-posterior 
(AP) projection permits the visualisation of 
branch origin from the CS (Fig. 18.1) [2].

CS cannulation and angiography are followed 
by advancement of the lead through the selected 
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branch—commonly a lateral branch. Advancing 
within the coronary sinus might prove difficult in 
some cases—the presence of CS stenosis/CS 
spasm/CS dissection may need low-pressure bal-
loon dilation (or even using coronary stents for 
particular cases) or selection of proximal poste-
rior veins, valves in the coronary sinus require 
usage of stiffer guidewires or deflectable cathe-
ters for valve opening while soft guide-wires 
with frequent venographies are useful for exces-
sive tortuosity [2, 31, 32]. Placement of the LV 
pacing lead on the lateral wall can be further 
impeded by lead instability/dislodgement 
(Fig. 18.2), small or absent lateral veins (anasto-
motic branches and collaterals that drain to the 
lateral wall might prove a solution—snares can 
be used to capture the distal end of a long hydro-
philic wire and retracted, offering support for 
lead advancement [32]), variceal veins (usage of 
larger leads with “corkscrew” curvature is 
advised [31] and selection of normal-sized third 
or fourth-order branches), extensive myocardial 
scar leading to increased thresholds and capture 
latency or phrenic nerve stimulation [31].

An interventional approach to lead placement 
using a telescoping system of inner directional 
catheters and guide sheaths for increased stability 
and direct lead delivery to the desired CS branch 

might be better than the classical over-the-wire 
implant [14, 33, 34]. The selective catheter con-
nected to the contrast injection system and the 
steerable guide wires for navigating difficult vein 
branches provide additional support and allow for 
direct LV lead delivery into the chosen branch [33]. 

Fig. 18.1  The importance of using multiple radiological 
views for the correct assessment of the final LV lead posi-
tion. On the left X-ray (PA), the LV lead has a false ante-

rior position, while on the right (LAO), we can correctly 
predict that the final LV lead pacing site is on the lateral 
wall

Fig. 18.2  PA Chest X-ray in a CRT-D receiver with no 
LV pacing on the surface ECG showing quadripolar LV 
lead dislodgement, with the lead migrated in the superior 
vena cava
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A non-randomized study comparing the two tech-
niques showed fewer LV lead failures (1.9% vs 
8.1%), better targeted lead placement and decreased 
fluoroscopy times [34]. LV lead placement failure 
in the two most recent CRT randomized trials by 
using the conventional approach ranges between 
7.5% and 10% [35, 36]. The REVERSE trial 
reported a 12-month rate of dislodgement of 3.4% 
[37]. Most failures are caused by inability to access 
the CS or to advance into a suitable and stable posi-
tion [33]. Obtaining an adequate capture threshold 
without phrenic nerve capture can be another chal-
lenging endeavour. Using multipolar leads should 
be encouraged, since they allow for a large range of 
available pacing polarities, both for avoiding 
phrenic stimulation and for maintaining long term 
CRT success—especially because over 36% of the 
patients with CRT experience therapy failure, in 
part due to loss of LV capture (Fig.  18.3) [2]. 
Moreover, lower rates of dislodgements were noted 
for multipolar leads versus conventional bipolar/

unipolar leads (1.7% vs 4.6%), probably because 
multipolar leads are available in a wide range of 
lead tip shapes [2]. Mapping of the targeted vein to 
determine the course of the phrenic nerve is recom-
mended [2].

In addition to multipolar leads, preformed 
curves provide increased stability and proximal 
fixation (avoiding apical positions), provided that 
the proximal preformed element resides within 
the target vessel [38, 39]. When CS cannulation 
has failed, additional imaging techniques can be 
useful. CT angiography and late filling of the car-
diac veins during left heart catheterization may 
provide sufficient information regarding distal 
venous anatomy and CS location [2]. 
Intraoperative, transoesophageal echocardiogra-
phy can be helpful [40], but intracardiac echocar-
diography is usually more tolerable in conscious 
patients [41]. Nevertheless, the EHRA committee 
recommends these methods only when CS can-
nulation has failed or in the case of suspected 
structural anomalies [2].

18.3.2	 �Endocardial Approach

Endocardial pacing might provide superior 
results to epicardial pacing, since physiologically 
electrical depolarization originates in the endo-
cardium and the site for LV pacing is not limited 
by the CS anatomy. The reversal of normal acti-
vation sequence in epicardial pacing may lead to 
electrical dispersion, with the potential for an 
arrhythmogenic substrate [42]. Moreover, the 
faster impulse conduction through the endocar-
dium compared to the epicardium results in a 
more synchronous activation and contraction of 
the left ventricle. Some safety issues might 
be  raised because of the increased thromboem-
bolic risk, and, subsequently, an increase in the 
bleeding risk due to the need for permanent anti-
coagulation (similar to mechanical valves) and 
the possibility of lead infection [43].

Several small studies using different 
approaches and delivery systems showed a 
potential benefit of endocardial pacing versus 
epicardial pacing on clinical status and LV per-
formance [6, 44]. Other technical approaches 

Fig. 18.3  Successful implantation of a CRT-D device in 
a patient using a quadripolar LV lead. LAO Chest X-ray 
shows a good positioning of the lead on the lateral LV 
wall
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using the subclavian vein to perform an 
interventricular septal puncture is under investi-
gation in the LV-CONSEPT trial. Yet another 
study described a transapical method for access-
ing the LV endocardium, bypassing the need for 
transseptal puncture and the risk of damaging 
the mitral valve, reducing the implant time and 
allowing for LV lead repositioning, albeit on a 
very small cohort of 12 patients [44]. 
Additionally, the ALSYNC trial, a prospective, 
multicentric clinical investigation sought to 
evaluate the feasibility and safety of left ven-
tricular endocardial pacing by using an investi-
gational lead delivery system and LV lead, by a 
pectoral transseptal approach through the mitral 
valve. 138 patients unsuitable for conventional 
CRT or that were nonresponsive to conventional 
CRT were enrolled [45]. The primary endpoint 
of the study was freedom from complications. 
The results from the trial were encouraging, 
with a 89% success rate and freedom of compli-
cations for 82.2% of the patients at 6  months, 
meeting the primary endpoint. Complications 
ranged form lead dislodgement and pocket hae-
matoma to stroke, intracardiac thrombus, aorta 
puncture, pericardial effusion and pneumotho-
rax. There were no deaths due to the procedure 

or mitral valve complications. About 60% of the 
patients were responders, with an improvement 
in LV ejection fraction and LV reverse remodel-
ling [45]. The main limitation of the study was 
the lack of comparison with other techniques in 
improving clinical outcomes. Therefore, 
although LV endocardial pacing looks promis-
ing, this approach still remains investigational 
until further comparative studies will prove its 
clinical effectiveness and safety [42].

18.3.3	 �Surgical Epicardial Approach

As aforementioned, transvenous lead implanta-
tion is plagued by some technical difficulties that 
may compromise the success of CRT—in up to 
8–10% of the patients undergoing the procedure 
there is a failure to cannulate the CS or to have a 
proper lead placement in an adequate venous 
branch [5, 46]. Moreover, lead dislodgement is 
responsible for another 5–10% late LV pacing 
failures [5]. A possible solution for these patients 
is open surgery lead placement (Fig.  18.4), a 
technique that is able to circumvent some of the 
disadvantages of the conventional transvenous 
approach.

Fig. 18.4  PA and LAO Chest X-rays of a patient with 
surgically implanted epicardial electrode on the lateral LV 
wall. The patient didn’t have a suitable CS vein anatomy, 

with no suitable venous branches on the posterolateral or 
anterolateral LV wall
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There are various surgical techniques that are 
used for implanting the LV lead—either by a left 
anterior or lateral mini-thoracotomy or by video-
assisted thoracoscopy approach [47–49]. The da 
Vinci robot system can also be used, allowing for 
high-resolution, real time three-dimensional 
vision of the left ventricle, while using as an 
access route a small thoracotomy incision [5]. 
Moreover, the surgical approach enables the 
operator to choose exactly the site for LV lead 
implantation, especially when robotic assistance 
is used, and it might be a first choice when the 
transvenous approach is unfeasible [5]. After sur-
gery, in the mid-term, the patients had better clin-
ical outcomes and improvements in LV 
performance with stable pacing parameters [5, 
46]. However, in patients with advanced heart 
disease and significant comorbidities, the surgi-
cal risk might be to high, requiring alternative 
approaches—these patients have increased peri-
operative morbidity and mortality, while reverse 
remodelling of the LV may not occur (a possible 
explanation for less LV reverse remodelling is 
the operator tendency to place the epicardial LV 
lead in an anterior position rather than on the LV 
lateral wall, since it’s readily accessible) [5].

For CRT-D receivers that lack an adequate 
venous access, the placement of epicardial defi-
brillator leads might be required. A case report by 
Sugumar et al. describes a successful technique 
for a total epicardial CRT-D system. After a mid-
line sternotomy multiple single coil active fixa-
tion defibrillation leads are placed anteriorly into 
the RV outflow tract and posteriorly in the AV 
groove. The leads are then sutured over the vis-
ceral epicardium and tunnelled from the pericar-
dium to the lateral abdominal wall. Follow-up at 
2 years showed stable electrical parameters [49].

18.3.4	 �Percutaneous Epicardial 
Approach

While surgical epicardial lead placement is asso-
ciated with higher perioperative morbidity, an 
epicardial lead delivered percutaneously through 
a subxiphoid approach similar to the technique 
used for electrophysiology procedures would, in 

theory, lower the complications, while maintain-
ing the advantage of choosing the exact site for 
pacing [50]. The only available studies thus far 
have only assessed the LV lead safety and stabil-
ity over time in small series of animal models 
(porcine and canine models), with favourable 
results [51]. However, the tools and lead fixation 
strategies are still in development, so this tech-
nique although promising, is momentarily still 
investigational and far from reaching clinical 
practice.

18.3.5	 �Leadless Left Ventricular 
Pacing

The WiCS LV system (manufactured by EBR 
Systems, Inc) is a device that allows leadless LV 
endocardial pacing, combining the advantages of 
the endocardial approach while minimising the 
risk of mitral valve injury and thromboembolic 
events—the main disadvantages of using regular 
electrodes for endocardial pacing. A small elec-
trode is implanted in the LV endocardial wall 
using femoral access via a retrograde aortic 
approach, while a pulse generator is inserted sub-
cutaneously in an adjacent intercostal space [52]. 
The system is dependent on previously implanted 
conventional devices (implantable cardiac defi-
brillators (ICD), pacemakers or CRT devices)—
RV pacing by these devices is detected by the 
subcutaneous pulse generator, which in turn uses 
ultrasound to trigger LV stimulation [52]. The 
device was tested in two prospective, multicen-
tre, nonrandomized trials. Both had as primary 
outcome measures the safety and feasibility of 
the system, while the secondary endpoints were 
the changes in clinical composite scores and 
echocardiographic (LVEF, LV end-diastolic vol-
ume and end-systolic volume) and bioumoral 
(NT-pro BNP level) changes [7, 8].

The WiSE-CRT trial, which included 17 
patients in three groups—those with failed CS 
lead implantation, non-responders to traditional 
CRT and patients with previously implanted 
devices (ICD’s and pacemakers) that required an 
upgrade to CRT—reported a success rate of 
76.5%, with complications ranging from lead 
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failure (5.8%) to pericardial effusion (17.6%). 
Up to two thirds of the patients had a significant 
improvement in both the LVEF and clinical sta-
tus (at least one NYHA functional class) after 
6 months of follow up [7].

The SELECT-LV trial enrolled 35 patients 
with failed conventional CRT (difficult CS anat-
omy, non-responders, high LV pacing thresholds 
or phrenic nerve capture) and achieved a success 
rate of 97.1%, albeit with serious procedure or 
device-related events in 22.9% of the patients 
after 1 month of follow-up. The majority of the 
patients had a significant improvement in the 
clinical composite score (84.8%) and echocar-
diographic parameters (66%) at 6 months [8].

Although both studies supported the clinical 
feasibility for the WiSE-CRT system, the device 
is not FDA approved, and some safety and effi-
cacy concerns have been raised regarding the 
widespread utilisation in clinical practice. 
However, as with every new technique, with bet-
ter operator experience come improved 
outcomes.

18.3.6	 �Multisite Pacing

While conventional CRT uses a single lead to 
achieve LV pacing, small trials have raised the 
hypothesis that CRT nonresponders might benefit 
from multisite pacing, by placing one, two or 
even three additional LV leads, allowing for bet-
ter myocardial recruitment. Patients with very 
large left ventricles, extremely wide and frag-
mented QRS (suggestive for extensive fibrosis), 
myocardial scarring and those with permanent 
atrial fibrillation (marker of a more severe dis-
ease) seem to benefit the most in several small 
trials, with significant improvements in NYHA 
class, VO2 max and 6  min walk distance [53]. 
Another study by Ginks et al. [54] compared LV 
endocardial multi-site pacing (performed after a 
complete electrophysiology study with non-
contact mapping of LV endocardium for scar 
detection) with conventional CRT pacing in 10 
patients, while measuring hemodynamic param-
eters. A statistically significant improvement in 
dP/dt was observed in both groups, with better 

results for those with endocardial pacing, 
although the difference was not statistically sig-
nificant due to the small number of study partici-
pants [54]. Similar results were reported by 
Pappone et  al. [55], who also found a further 
reduction by 22% in QRS duration during multi-
site pacing. Recent results from the TRUST-CRT 
trial, a randomized unicentric study that com-
pared triple-site pacing with conventional CRT in 
100 patients, supported the abovementioned find-
ings, showing a marked improvement in NYHA 
functional class after 1  year of follow up in 
patients with multisite pacing, while the inci-
dence of serious complications was similar in 
both groups [56].

Another randomized, multicentric trial is 
underway—the DIVA trial, where dual site pac-
ing is compared with standard CRT by evaluating 
the clinical composite score for heart failure at 
follow up. Interestingly, there is no trial that com-
pares multi-site pacing achieved by placing mul-
tiple standard bipolar leads with that achieved by 
using a single quadripolar lead.

18.4	 �Left Ventricular Lead 
Placement: Anatomic Versus 
Targeted Strategy

Choosing an appropriate LV lead position is the 
cornerstone for CRT success—even if is depen-
dent on the anatomy of the cardiac venous sys-
tem, an optimal site should have good pacing 
parameters and lead stability while avoiding 
phrenic nerve stimulation. Current practice uses 
an “anatomical approach”, where a lateral wall 
position is desirable, although this strategy has 
not been validated by mutlicentric studies [57]. 
However, the lack of an appropriate clinical and 
echographic response in about a third of the 
patients undergoing CRT (Fig. 18.5) suggest that 
beside unfavourable CS anatomy or suboptimal 
pacing parameters precluding the lead position-
ing in the desired site, other factors play a key 
role, like different electrical and mechanical acti-
vation patterns specific for each patient 
(especially since many patients don’t have a typi-
cal left bundle branch block (LBBB) morphology 
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that translates into a contraction pattern of oppos-
ing wall motion with apical rocking—meaning a 
different activation sequence that might respond 
different to the usual pacing site), the presence of 
myocardial scarring and device optimisation (AV 
and VV delay) [2].

18.4.1	 �Anatomical Strategy

LBBB morphology has a detrimental effect on 
LV remodelling by increasing end-systolic and 
end diastolic volumes and the myocardial wall 
stress, leading to a decline in myocardial function 
[58]. Pacing at the most delayed activated site 
was beneficial in early clinical trials, reducing LV 
remodelling and improving the ejection fraction. 
Mostly for LBBB, it corresponds with posterolat-
eral and LV free wall pacing, as found by some of 
the studies [57, 59]. Another retrospective study 
on 457 CRT recipients (either with or without a 
defibrillator) analysing whether a posterolateral/
anterolateral position was better than an anterior 
position for the LV lead found that clinical 
improvement (assessed by NYHA class), LV EF 
increase and survival were more likely for the lat-
eral position [60].

The REVERSE study also favoured lateral LV 
pacing sites regarding a favourable response by 
reverse LV remodelling and the composite time 

to death or first HF hospitalisation [15]. While 
the above studies clearly are in favour of choos-
ing a lateral position for the LV lead, a post-hoc 
analysis of the COMPANION trial found no dif-
ference between lead position and mortality/heart 
failure hospitalisation, with clinical improvement 
in most CRT receivers [61].

In the MADIT-CRT trial where the LV lead 
location was determined by using venograms 
from two orthogonal views, during follow-up the 
primary endpoint (HF hospitalization and death) 
was similar between anterior, lateral and poste-
rior positions, while only the apical position cor-
related with adverse outcomes [1].

The PROSPECT trial supported this result, 
with no relation between optimal and non-
optimal position and adverse outcomes, although 
in group subanalysis a suboptimal LV lead posi-
tion (mid-apical anterior position) was detrimen-
tal for patients with LBBB and non-ischemic 
cardiomyopathy [3].

18.4.2	 �Impact of Myocardial Scarring 
and Targeted LV Lead 
Placement

Clinical response and myocardial scarring have 
been inversely correlated in CRT receivers, since 
an LV lead with the electrodes placed in a scar 

Fig. 18.5  Lack of CRT response in a patient with apparent anatomic optimal LV lead position (PA and LAO chest 
X-rays). The patient required a left ventricular assist device for refractory HF as a bridge to transplant
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area is less likely to effectively pace the LV (both 
due to high threshold and delayed activation 
through the fibrotic tissue). Although initial 
studies didn’t report a significant difference 
between patients with and without ischemic car-
diomyopathy, most studies supported the idea 
that CRT success is dependent on the aetiology 
of cardiomyopathy [62]. In the MIRACLE study, 
patients with non-ischemic HF and mild-to 
moderate mitral regurgitation benefited the most 
from reverse remodelling and LV EF improval 
[11]. The current accepted gold standard for 
assessing the location and extent of myocardial 
scarring (transmural/endocardial/mid-wall loca-
tion) is cardiac magnetic resonance imaging 
(MRI) with delay enhancement. In a study by 
Bleeker et  al. [63] that used contrast MRI for 
scar detection and quantification, CRT nonre-
sponders were prone to have transmural scarring 
in the posterolateral LV wall, and mechanical 
dyssynchrony (assessed by tissue Doppler imag-
ing) didn’t have a significant impact on CRT 
success in these patients. Other trials supported 
the abovementioned result [64, 65].

Echocardiographic studies using speckle 
tracking two dimensional (2D) radial strain to 
determine the latest LV mechanical activation 
might be useful in guiding a successful CRT, as 
reported by the TARGET trial, a randomized 
study that assessed the impact of targeted LV lead 
placement on the outcomes, and found at 
6  months of follow-up that patients with 
echocardiography-guided implantation fared bet-
ter, with improved clinical response, LV reverse-
remodelling and fewer HF hospitalizations, albeit 
with no significant changes in mortality. After 
multivariate analysis, the impact was greater for 
those without myocardial scarring, whereas those 
that had a scar in the target area for LV lead 
placement had a much lower benefit form CRT 
[66]. Another randomized study, the STARTER 
trial, that compared standard fluoroscopic ana-
tomical lead placement with echo-guided place-
ment using 2D speckle tracking confirmed the 
benefits found in the TARGET trial and enforced 
the superiority of the echographic method – those 
with concordant LV lead placement assessed by 
echocardiography had better outcomes, with a 

significand reduction in end-points (HF hospital-
ization/death) [67].

Another approach for identifying the area of 
latest electrical activation is by measuring elec-
trical delay form surface ECG/intracardiac elec-
trogram—derived parameters, usually assessed 
by the QLV interval, which is the time form QRS 
onset on the surface ECG to the first identifiable 
peak of the LV electrogram measured at the time 
of CRT implant [68]. The QLV interval is a strong 
predictor of acute hemodynamic improvement, 
both in biventricular and LV only pacing. A study 
by Gold et al. found that pacing in an area with 
the longest QLV (>120 ms) was linked to better 
clinical outcomes and significant echographic 
improvement (LV volume reduction and EF 
increase) [68]. These findings were also sup-
ported by the PEGASUS-CRT trial, where 
another measure of electrical delay (RV-LV inter-
val) was adversely correlated with HF events 
[69]. Moreover, other recent trials also supported 
QLV importance (interval greater than the median 
95 ms) in influencing CRT response, independent 
of the HF aetiology, LBBB or non-LBBB mor-
phology and QRS duration (130–150 ms or wider 
than 150 ms) [70].

Other imaging techniques can be useful both 
for assessing myocardial viability and mechani-
cal dyssynchrony—Gated single photon 
emission-computed tomography myocardial per-
fusion imaging (SPECT MPI) and positron emis-
sion tomography (PET) can easily provide such 
information in a single scan [71–73]. Several 
studies showed that SPECT MPI is able to iden-
tify with accuracy myocardial scarring (less than 
50% tracer uptake) and the latest LV activated 
site (by calculating the mean phase for each seg-
ment—the segment with the maximal value 
being the latest activated segment), having a pos-
itive outcome on CRT success—patients with LV 
lead placement at the latest activated sites with 
reasonable myocardial viability had improved 
LV function and clinical response compared with 
those with discordant lead positions after 
6  months of follow-up [72, 74]. Similar results 
were obtained by using PET-CT as guidance—
responders (defined as having clinical improve-
ment with an increase in EF) were more likely to 
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have LV pacing leads in area with the most dys-
synchronous and viable segments [75, 76]. The 
main limitations of these studies were their retro-
spective nature and the relatively small numbers 
of participants enrolled (between 19 and 90 
patients).

CMR can provide high quality data regarding 
the circumferential strain enabling accurate assess-
ment of mechanical dyssynchrony [77]. A retro-
spective study that enrolled 559 patients that 
underwent CRT where LV placement was either 
guided or not by CMR found that after 9 years of 
follow-up patients with CMR-targeted LV place-
ment had significantly better outcomes (HF hospi-
talization/CV death) than patients with LV leads 
placed in scar tissue or without imaging guidance 
[78]. Other studies validated the placement of LV 
leads in the latest activated viable segment by using 
CMR as a superior method, with up of 3 times 
more reverse remodelling in such patients [79, 80].

18.4.3	 �LV Lead Placement by Using 
Image Fusion Techniques

While echocardiography, SPECT/PET–CT and 
CMR can provide useful data regarding the opti-
mal LV pacing site, such information must also 
be available in real time during the CRT proce-
dure, since without a clear image of the myocar-
dial wall during conventional fluoroscopy the 
operator is unable to accurately correlate the 
venous anatomy with the corresponding myocar-
dial segment, thus resulting in suboptimal LV 
lead placement [81]. Therefore, hybrid imaging 
techniques might overcome such a disadvantage. 
Both the TARGET trial and the STARTER trial 
integrated the venous anatomy obtained form 
venograms in the LAO plane with the corre-
sponding short-axis echocardiographic image, 
while the RAO plane was used for correction and 
adjustment to assess if the LV lead position was 
in the basal, middle or apical segments [66, 67]. 
However, the concordance between the final LV 
pacing site and the optimal segment identified by 
echocardiography varied significantly in the two 
studies—over 64% for the TARGET trial and 
under 30% for the STARTER trial [66, 67].

Another single centre study evaluated the fea-
sibility of LV lead placement by using a 3D gen-
erated model from LGE-CMR data that was 
projected and matched on 2D intraprocedural 
fluoroscopy. The final LV lead tip location was 
assessed by postprocedural ECG-gated cardiac 
CT. The optimal pacing site was achieved in over 
97% of the patients [82]. In yet another CMR 
study, both the vein anatomy and the anatomical 
LV 3D model were obtained using magnetic res-
onance, combined with real-time fluoroscopy, 
achieving high accuracy in optimal lead position-
ing [83]. The main disadvantages of such tech-
niques is their costs, limited availability and the 
fact that they are time-consuming [82, 83].

Other possible methods include using CT 
venography obtained preoperatively and 2D 
fluoroscopy-derived venograms combined with 
LV anatomy/viability models obtained by CMR 
or SPECT-CT [4]. The CT venography was used 
to assess if the venograms and the SPECT MPI 
images were correctly fused. A prospective study 
validated this approach in the clinical setting, 
with an accuracy of 87% [4]. However, the extra 
imaging time and additional radiation exposure 
are still a concern [4, 82, 83]. These novel imag-
ing techniques are a step forward and they might 
have a significant positive impact on CRT 
success. 

18.5	 �Future Perspectives

While the development of new tools and tech-
niques has greatly advanced the field of cardiac 
resynchronization therapy compared to its early 
days, further improvements are still needed. 
Active fixation leads might reduce the risk of 
depositioning while multipolar leads that allow 
for a much larger array of pacing configuration 
may prevent phrenic nerve capture and improve 
capture thresholds.

Better patient selection and “targeted” implant 
strategies tailored to the patient, with optimal 
programming might also prove the solution for a 
significant decrease in CRT nonresponders. 
Hybrid techniques using fluoroscopy and echog-
raphy/MRI or SPECT-CT are promising since 
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they enable the operator to select the optimal LV 
lead site in real time, but further studies are war-
ranted (ideally randomized, controlled trials), 
since most data are derived from small, nonran-
domized retrospective studies.

References

	 1.	Zareba W, Klein H, Cygankiewicz I, et  al. 
Effectiveness of cardiac resynchronization ther-
apy by QRS morphology in the Multicenter 
Automatic Defibrillator Implantation Trial-Cardiac 
Resynchronization Therapy (MADIT-CRT). 
Circulation. 2011;123:1061–72.

	 2.	Daubert JC, Saxon L, Adamson PB, Auricchio A, 
Berger RD, Beshai JF, Breithard O, Brignole M, 
Cleland J, DeLurgio DB, Dickstein K, Exner DV, 
Gold M, Grimm RA, Hayes DL, Israel C, Leclercq 
C, Linde C, Lindenfeld J, Merkely B, Mont L, 
Murgatroyd F, Prinzen F, Saba SF, Shinbane JS, 
Singh J, Tang AS, Vardas PE, Wilkoff BL, Zamorano 
JL, Anand I, Blomström-Lundqvist C, Boehmer JP, 
Calkins H, Cazeau S, Delgado V, Estes NA, Haines 
D, Kusumoto F, Leyva P, Ruschitzka F, Stevenson 
LW, Torp-Pedersen CT. 2012 EHRA/HRS expert 
consensus statement on cardiac resynchroniza-
tion therapy in heart failure: implant and follow-
up recommendations and management. Europace. 
2012;14(9):1236–86.

	 3.	Mortensen PT, Herre JM, Chung ES, Bax JJ, Gerritse 
B, Kruijshoop M, Murillo J. The effect of left ventric-
ular pacing site on cardiac resynchronization therapy 
outcome and mortality: the results of a PROSPECT 
substudy. Europace. 2010;12(12):1750–6.

	 4.	Zhou W, Hou X, Piccinelli M, Tang X, Tang L, Cao 
K, Garcia EV, Zou J, Chen J. 3D fusion of LV venous 
anatomy on fluoroscopy venograms with epicardial 
surface on SPECT myocardial perfusion images for 
guiding CRT LV lead placement. JACC Cardiovasc 
Imaging. 2014;7(12):1239–48.

	 5.	DeRose JJ, Ashton RC, Belsley S, Swistel DG, Vloka 
M, Ehlert F, et al. Robotically assisted left ventricular 
epicardial lead implantation for biventricular pacing. 
J Am Coll Cardiol. 2003;41:1414–9.

	 6.	Garrigue S, Jais P, Espil G, Labeque JN, Hocini M, 
Shah DC, et  al. Comparison of chronic biventricu-
lar pacing between epicardial and endocardial left 
ventricular stimulation using Doppler tissue imag-
ing in patients with heart failure. Am J Cardiol. 
2001;88:858–62.

	 7.	Auricchio A, et  al. Feasibility, safety, and short-
term outcome of leadless ultrasound-based endo-
cardial left ventricular resynchronization in heart 
failure patients: results of the Wireless Stimulation 
Endocardially for CRT (WiSE-CRT) study. Europace. 
2014;16(5):681–8.

	 8.	Neuzil P, et al. Wireless LV endocardial stimulation for 
CRT: SELECT-LV study. Europace. 2014;16(Suppl. 
2):35.

	 9.	Merchant FM, Heist EK, Nandigam KV, Mulligan LJ, 
Blendea D, et al. Interlead distance and left ventricu-
lar lead electrical delay predict reverse remodeling 
during cardiac resynchronization therapy. Pacing Clin 
Electrophysiol. 2010;33:575–82.

	10.	Heist EK, Fan D, Mela T, Arzola-Castaner D, Reddy 
VY, et al. Radiographic left ventricular-right ventricu-
lar interlead distance predicts the acute hemodynamic 
response to cardiac resynchronization therapy. Am J 
Cardiol. 2005;96:685–90.

	11.	Abraham WR, Fisher WG, Smith A, MIRACLE 
Study Group, et  al. Cardiac resynchronization in 
chronic heart failure. N Engl J Med. 2002;346:1845–
53. https://doi.org/10.1056/NEJMoa013168.

	12.	Birnie DH, Ha A, Higginson L, et  al. Impact of 
QRS morphology and duration on outcomes after 
cardiac resynchronization therapy: results from the 
Resynchronization-Defibrillation for Ambulatory 
Heart Failure Trial (RAFT). Circ Heart Fail. 
2013;6:1190–8.

	13.	Egoavil CA, Ho RT, Greenspon AJ, Pavri BB, et al. 
Cardiac resynchronization therapy in patients with 
right bundle branch block: analysis of pooled data 
from the MIRACLE and Contak CD trials. Heart 
Rhythm. 2005;2:611–5.

	14.	Lewis G, Gold M.  Developments in cardiac resyn-
chronisation therapy. Arrhythm Electrophysiol Rev. 
2015;4(2):122–8.

	15.	Thébault C, Donal E, Meunier C, Gervais R, Gerritse 
B, Gold MR, Abraham WT, Linde C, Daubert JC, 
REVERSE Study Group. Sites of left and right ven-
tricular lead implantation and response to cardiac 
resynchronization therapy observations from the 
REVERSE trial. Eur Heart J. 2012;33(21):2662–71.

	16.	Kindermann M, Frohlig G, Berg M, Lawall P, 
Schieffer H.  Atrial lead implantation during atrial 
flutter or fibrillation? Pacing Clin Electrophysiol. 
1998;21:1531–8.

	17.	Giudici MC, Thornburg GA, Buck A, et  al. 
Comparison of right ventricular outflow tract and api-
cal lead permanent pacing on cardiac output. Am J 
Cardiol. 1997;79:209–12.

	18.	Karpawich PP, Justice CD, Chang CH, et  al. Septal 
ventricular pacing in the immature canine heart: a 
new prospective study. Am Heart J. 1991;121:827.

	19.	Schwaab B, Frohlich G, Alexander C, et al. Influence 
of right ventricular stimulation site on left ventricular 
function in atrial synchronous ventricular pacing. J 
Am Coll Cardiol. 1999;33:317–23.

	20.	Tse H, Yu C, Wong KK, et al. Functional abnormali-
ties in patients with permanent right ventricular pac-
ing. J Am Coll Cardiol. 2002;40(8):1451.

	21.	Buckingham TA, Candinas R, Attenhofer C, et  al. 
Systolic and diastolic function with alternate and 
combined site pacing in the right ventricle. Pacing 
Clin Electrophysiol. 1998;21:1077–84.

R. Ciudin and L. A. Mandes

https://doi.org/10.1056/NEJMoa013168


359

	22.	Victor F, Leclercq C, Mabo P, et al. Optimal right ven-
tricular pacing site in chronically implanted patients. J 
Am Coll Cardiol. 1999;33:311–6.

	23.	Riedlbauchova L, Cihak R, Bytesník J, Vancura V, 
Frídl P, Hoskova L, Kautzner J. Optimization of right 
ventricular lead position in cardiac resynchronisation 
therapy. Eur J Heart Fail. 2006;8:609–14.

	24.	Linde C, William TA, Michael G, Sutton MSJ, Ghio 
S, Daubert C. Randomized trial of cardiac resynchro-
nization in mildly symptomatic heart failure patients 
and in asymptomatic patients with left ventricular 
dysfunction and previous heart failure symptoms. 
J Am Coll Cardiol. 2008;52(23):1834. https://doi.
org/10.1016/j.jacc.2008.08.027.

	25.	Kutyifa V, Kloppe A, Zareba W, Solomon SD, McNitt 
S, Polonsky S, Barsheshet A, Merkely B, Lemke B, 
Nagy VK, Moss AJ, Goldenberg I. The influence of 
left ventricular ejection fraction on the effectiveness 
of cardiac resynchronization therapy: MADIT-CRT 
(Multicenter Automatic Defibrillator Implantation 
Trial With Cardiac Resynchronization Therapy). J 
Am Coll Cardiol. 2013;61(9):936–44. https://doi.
org/10.1016/j.jacc.2012.11.051.

	26.	Kristiansen HM, Vollan G, Hovstad T, Keilegavlen H, 
Faerestrand S. A randomized study of haemodynamic 
effects and left ventricular dyssynchrony in right 
ventricular apical vs. high posterior septal pacing in 
cardiac resynchronization therapy. Eur J Heart Fail. 
2012;14(5):506–16.

	27.	Leclercq C, et  al. Comparison of right ventricular 
septal pacing and right ventricular apical pacing in 
patients receiving cardiac resynchronization therapy 
defibrillators: the SEPTAL CRT Study. Eur Heart J. 
2016;37(5):473–83.

	28.	Auricchio A, Leclercq C.  Location and characteris-
tics of pacing leads and cardiac resynchronization 
therapy outcomes - right and left ventricular lead opti-
mization. In:  Clinical cardiac pacing, defibrillation 
and resynchronization therapy. 5th ed. Philadelphia: 
Elsevier; 2017.

	29.	Miranda RI, et  al. Maximal electrical separation-
guided placement of right ventricular lead improves 
responders in cardiac resynchronization defi-
brillator therapy. Circ Arrhythm Electrophysiol. 
2012;5:927.

	30.	Zoppo F, et  al. Pacing inter-lead fluoroscopic RAO 
and LAO distance and cardiac resynchronization ther-
apy response. J Clin Exp Cardiolog. 2014;5(9):336.

	31.	Srivatsa SS. A proposed technique for right ventricular 
septal pacing. J Invasive Cardiol. 2014;26(3):140–7.

	32.	Morgan J, Delgado V.  Lead positioning for cardiac 
resynchronization therapy: techniques and priorities. 
Europace. 2009;11:v22–8.

	33.	Jackson K.  Left ventricular lead placement for car-
diac resynchronization therapy. J Innov Card Rhythm 
Manag. 2013;4:1284–91.

	34.	Zanon F, Baracca E, Pastore G, et al. Implantation of 
left ventricular leads using a telescopic catheter sys-
tem. Pacing Clin Electrophysiol. 2006;29:1266–72.

	35.	Moss AJ, Hall WJ, Cannom DS, et  al. Cardiac-
resynchronization therapy for the prevention of heart-
failure events. N Engl J Med. 2009;361:1329–38.

	36.	Tang AS, Wells GA, Talajic M, et  al. Cardiac-
resynchronization therapy for mild-to-moderate heart 
failure. N Engl J Med. 2010;363:2385–95.

	37.	Daubert C, Gold MR, Abraham WT, et al. Prevention 
of disease progression by cardiac resynchroni-
zation therapy in patients with asymptomatic or 
mildly symptomatic left ventricular dysfunction: 
insights from the European cohort of the REVERSE 
(Resynchronization Reverses Remodeling in Systolic 
Left Ventricular Dysfunction) trial. J Am Coll Cardiol. 
2009;54:1837–46.

	38.	Biffi M, Moschini C, Bertini M, Saporito D, Ziacchi 
M, Diemberger I, et  al. Phrenic stimulation: a chal-
lenge for cardiac resynchronization therapy. Circ 
Arrhythm Electrophysiol. 2009;2:402–10.

	39.	Hansky B, Vogt J, Gueldner H, Lamp B, Tenderich 
G, Krater L, et al. Left heart pacing—experience with 
several types of coronary vein leads. J Interv Card 
Electrophysiol. 2002;6:71–5.

	40.	Bashir JG, Frank G, Tyers O, Lampa M, Yamaoka 
R.  Combined use of transesophageal ECHO and 
fluoroscopy for the placement of left ventricular 
pacing leads via the coronary sinus. Pacing Clin 
Electrophysiol. 2003;26:1951–4.

	41.	Shalaby AA. Utilization of intracardiac echocardiogra-
phy to access the coronary sinus for left ventricular lead 
placement. Pacing Clin Electrophysiol. 2005;28:493–7.

	42.	van Deursen C, van Geldorp IE, Rademakers LM, van 
Hunnik A, Kuiper M, Klersy C, et al. LV Endocardial 
pacing improves resynchronization therapy in canine 
LBBB hearts. Circ Arrhythm Electrophysiol. 2009. 
https://doi.org/10.1161/CIRCEP.108.846022.

	43.	van Gelder BM, Scheffer MG, Meijer A, Bracke 
FA.  Transseptal endocardial left ventricular pac-
ing: an alternative technique for coronary sinus lead 
placement in cardiac resynchronization therapy. Heart 
Rhythm. 2007;4:454–60.

	44.	Jais P, Takahashi A, Garrigue S, Yamane T, Hocini 
M, Shah DC, et al. Mid-term follow-up of endocar-
dial biventricular pacing. Pacing Clin Electrophysiol. 
2000;23:1744–7.

	45.	Morgan J, et  al. ALternate Site Cardiac 
ResYNChronization (ALSYNC): a prospective and 
multicentre study of left ventricular endocardial pac-
ing for cardiac resynchronization therapy. Eur Heart J. 
2016;37(27):2118–27.

	46.	Fernandez AL, Garcia-Bengochea JB, Ledo R, Vega 
M, Amaro A, Alvarez J, et al. Minimally invasive sur-
gical implantation of left ventricular epicardial leads 
for ventricular resynchronization using video-assisted 
thoracoscopy. Rev Esp Cardiol. 2004;57:313–9.

	47.	Mair H, Jansens JL, Lattouf OM, Reichart B, Dabritz 
S. Epicardial lead implantation techniques for biven-
tricular pacing via left lateral mini-thoracotomy, vid-
eoassisted thoracoscopy, and robotic approach. Heart 
Surg Forum. 2003;6:412–7.

18  Importance of RV and LV Lead Placement in CRT

https://doi.org/10.1016/j.jacc.2008.08.027
https://doi.org/10.1016/j.jacc.2008.08.027
https://doi.org/10.1016/j.jacc.2012.11.051
https://doi.org/10.1016/j.jacc.2012.11.051
https://doi.org/10.1161/CIRCEP.108.846022


360

	48.	Rivero-Ayerza M, Jessurun E, Ramcharitar S, van 
BY, Serruys PW, Jordaens L.  Magnetically guided 
left ventricular lead implantation based on a virtual 
threedimensional reconstructed image of the coronary 
sinus. Europace. 2008;10:1042.

	49.	Sugumar H, et  al. Epicardial CRT-D in a pacing 
dependant patient without transvenous options. Heart 
Lung Circ. 2017;26:e48–9.

	50.	Boyle NG, Shivkumar K. Epicardial interventions in 
electrophysiology. Circulation. 2012;126:1752–69. 
https://doi.org/10.1161/CIRCULATIONAHA.111. 
060327.

	51.	John R, Morgan K, Brennecke L, Benser M, Jais 
P.  Acute and chronic performance evaluation of a 
novel epicardial pacing lead placed by percutane-
ous subxiphoid approach in a canine model. Circ 
Arrhythm Electrophysiol. 2015;8:659–66.

	52.	Auricchio A, Delnoy PP, Regoli F, Seifert M, Markou 
T, Butter C, Collaborative Study Group. First-in-man 
implantation of leadless ultrasound-based cardiac 
stimulation pacing system: novel endocardial left 
ventricular resynchronization therapy in heart failure 
patients. Europace. 2013;15(8):1191–7.

	53.	Lenarczyk R, Kowalski O, Kukulski T, et  al. Mid-
term outcomes of triple-site vs. conventional cardiac 
resynchronization therapy: a preliminary study. Int J 
Cardiol. 2009;133:87–94.

	54.	Ginks MR, Shetty AK, Lambiase PD, et al. Benefits 
of endocardial and multisite pacing are dependent 
on the type of left ventricular electric activation pat-
tern and presence of ischemic heart disease: insights 
from electroanatomic mapping. Circ Arrhythm 
Electrophysiol. 2012;5:889–97.

	55.	Pappone C, Rosanio S, Oreto G, et al. Cardiac pacing 
in heart failure patients with left bundle branch block: 
impact of pacing site for optimizing left ventricular 
resynchronization. Ital Heart J. 2000;1:464–9.

	56.	Lenarczyk R, Kowalski O, Sredniawa B, Pruszkowska-
Skrzep P, Mazurek M, Jędrzejczyk-Patej E, Woźniak 
A, Pluta S, Głowacki J, Kalarus Z. Implantation fea-
sibility, procedure-related adverse events and lead 
performance during 1-year follow-up in patients 
undergoing triple-site cardiac resynchronization ther-
apy: a substudy of TRUST CRT randomized trial. J 
Cardiovasc Electrophysiol. 2012;23:1228–36.

	57.	Butter C, Auricchio A, Stellbrink C, Fleck E, Ding J, 
Yu Y, et al. Effect of resynchronization therapy stimu-
lation site on the systolic function of heart failure 
patients. Circulation. 2001;104:3026–9.

	58.	Xiao HB, Roy C, Gibson DG. Nature of ventricular 
activation in patients with dilated cardiomyopathy: 
evidence for bilateral bundle branch block. Br Heart 
J. 1994;72(2):167–74.

	59.	van Campen CM, Visser FC, de Cock CC, Vos HS, 
Kamp O, Visser CA.  Comparison of the haemody-
namics of different pacing sites in patients undergoing 
resynchronisation treatment: need for individualisation 
of lead localisation. Heart. 2006;92(12):1795–800.

	60.	Dong YX, Powell BD, Asirvatham SJ, Friedman PA, 
Rea RF, Webster TL, Brooke KL, Hodge DO, Wiste 

HJ, Yang YZ, Hayes DL, Cha YM. Left ventricular 
lead position for cardiac resynchronization: a compre-
hensive cinegraphic, echocardiographic, clinical, and 
survival analysis. Europace. 2012;14(8):1139–47.

	61.	Saxon LA, Olshansky B, Volosin K, Steinberg JS, 
Lee BK, Tomassoni G, Guarnieri T, Rao A, Yong P, 
Galle E, Leigh J, Ecklund F, Bristow MR. Influence 
of left ventricular lead location on outcomes in the 
COMPANION study. J Cardiovasc Electrophysiol. 
2009;20(7):764–8.

	62.	Linde C, Leclercq C, Rex S, Garrigue S, Lavergne 
T, Cazeau S, McKenna W, Fitzgerald M, Deharo 
JC, Alonso C, Walker S, Braunschweig F, Bailleul 
C, Daubert JC.  Long-term benefits of biventricular 
pacing in congestive heart failure: results from the 
MUltisite STimulation in cardiomyopathy (MUSTIC) 
study. J Am Coll Cardiol. 2002;40(1):111–8.

	63.	Bleeker GB, Kaandorp TA, Lamb HJ, Boersma E, 
Steendijk P, de Roos A, van der Wall EE, Schalij 
MJ, Bax JJ.  Effect of posterolateral scar tissue on 
clinical and echocardiographic improvement after 
cardiac resynchronization therapy. Circulation. 
2006;113(7):969–76.

	64.	Adelstein EC, Saba S. Scar burden by myocardial per-
fusion imaging predicts echocardiographic response 
to cardiac resynchronization therapy in ischemic car-
diomyopathy. Am Heart J. 2007;153(1):105–12.

	65.	Jaffe LM, Morin DP.  Cardiac resynchronization 
therapy: history, present status, and future directions. 
Ochsner J. 2014;14(4):596–607.

	66.	Khan FZ, Virdee MS, Palmer CR, Pugh PJ, 
O'Halloran D, Elsik M, Read PA, Begley D, Fynn 
SP, Dutka DP.  Targeted left ventricular lead place-
ment to guide cardiac resynchronization therapy: the 
TARGET study: a randomized, controlled trial. J Am 
Coll Cardiol. 2012;59(17):1509–18.

	67.	Saba S, Marek J, Schwartzman D, Jain S, Adelstein E, 
White P, Oyenuga OA, Onishi T, Soman P, Gorcsan 
J 3rd. Echocardiography-guided left ventricular lead 
placement for cardiac resynchronization therapy: 
results of the speckle tracking assisted resynchroniza-
tion therapy for electrode region trial. Circ Heart Fail. 
2013;6(3):427–34.

	68.	Gold MR, Birgersdotter-Green U, Singh JP, 
Ellenbogen KA, Yu Y, Meyer TE, Seth M, Tchou 
PJ.  The relationship between ventricular electri-
cal delay and left ventricular remodelling with 
cardiac resynchronization therapy. Eur Heart J. 
2011;32(20):2516–24.

	69.	Martin DO, Day JD, Lai PY, et  al. Atrial support 
pacing in heart failure: results from the multicenter 
PEGASUS CRT trial. J Cardiovasc Electrophysiol. 
2012;23:1317–25.

	70.	Kandala J, Upadhyay GA, Altman RK, Bose A, Heist 
EK, Mela T, Singh JP.  Electrical delay in apically 
positioned left ventricular leads and clinical outcome 
after cardiac resynchronization therapy. J Cardiovasc 
Electrophysiol. 2013;24(2):182–7.

	71.	AlJaroudi W, Chen J, Jaber WA, Lloyd SG, Cerqueira 
MD, Marwick T.  Nonechocardiographic imaging in 

R. Ciudin and L. A. Mandes

https://doi.org/10.1161/CIRCULATIONAHA.111.060327
https://doi.org/10.1161/CIRCULATIONAHA.111.060327


361

evaluation for cardiac resynchronization therapy. Circ 
Cardiovasc Imaging. 2011;4(3):334–43.

	72.	Boogers MJ, Chen J, van Bommel RJ, Borleffs CJ, 
Dibbets-Schneider P, van der Hiel B, Al Younis 
I, Schalij MJ, van der Wall EE, Garcia EV, Bax 
JJ.  Optimal left ventricular lead position assessed 
with phase analysis on gated myocardial per-
fusion SPECT.  Eur J Nucl Med Mol Imaging. 
2011;38(2):230–8.

	73.	Chen J, Boogers MJ, Bax JJ, Soman P, Garcia EV. The 
use of nuclear imaging for cardiac resynchronization 
therapy. Curr Cardiol Rep. 2010;12(2):185–91.

	74.	Friehling M, Chen J, Saba S, Bazaz R, Schwartzman 
D, Adelstein EC, Garcia E, Follansbee W, Soman P. A 
prospective pilot study to evaluate the relationship 
between acute change in left ventricular synchrony 
after cardiac resynchronization therapy and patient 
outcome using a single-injection gated SPECT proto-
col. Circ Cardiovasc Imaging. 2011;4(5):532–9.

	75.	Lehner S, Uebleis C, Schüßler F, Haug A, Kääb 
S, Bartenstein P, Van Kriekinge SD, Germano G, 
Estner H, Hacker M.  The amount of viable and 
dyssynchronous myocardium is associated with 
response to cardiac resynchronization therapy: ini-
tial clinical results using multiparametric ECG-gated 
[18F]FDG PET.  Eur J Nucl Med Mol Imaging. 
2013;40(12):1876–83.

	76.	Uebleis C, Ulbrich M, Tegtmeyer R, Schuessler 
F, Haserueck N, Siebermair J, Becker C, Nekolla 
S, Cumming P, Bartenstein P, Kääb S, Hacker 
M.  Electrocardiogram-gated 18F-FDG PET/CT 
hybrid imaging in patients with unsatisfactory 
response to cardiac resynchronization therapy: initial 
clinical results. J Nucl Med. 2011;52(1):67–71.

	77.	Bilchick KC, Kuruvilla S, Hamirani YS, 
Ramachandran R, Clarke SA, Parker KM, 
Stukenborg GJ, Mason P, Ferguson JD, Moorman 
JR, Malhotra R, Mangrum JM, Darby AE, Dimarco 
J, Holmes JW, Salerno M, Kramer CM, Epstein 
FH.  Impact of mechanical activation, scar, and 

electrical timing on cardiac resynchronization 
therapy response and clinical outcomes. J Am Coll 
Cardiol. 2014;63(16):1657–66.

	78.	Leyva F, Foley PW, Chalil S, Ratib K, Smith RE, 
Prinzen F, Auricchio A.  Cardiac resynchronization 
therapy guided by late gadolinium-enhancement car-
diovascular magnetic resonance. J Cardiovasc Magn 
Reson. 2011;13:29.

	79.	Sohal M, Shetty A, Duckett S, Chen Z, Sammut 
E, Amraoui S, Carr-White G, Razavi R, Rinaldi 
CA.  Noninvasive assessment of LV contraction pat-
terns using CMR to identify responders to CRT. JACC 
Cardiovasc Imaging. 2013;6(8):864–73.

	80.	Taylor RJ, Umar F, Panting JR, Stegemann B, Leyva 
F.  Left ventricular lead position, mechanical activa-
tion, and myocardial scar in relation to left ventricular 
reverse remodeling and clinical outcomes after car-
diac resynchronization therapy: a feature-tracking and 
contrast-enhanced cardiovascular magnetic resonance 
study. Heart Rhythm. 2016;13(2):481–9.

	81.	Sommer A, Kronborg MB, Poulsen SH, Böttcher 
M, Nørgaard BL, Bouchelouche K, Mortensen PT, 
Gerdes C, Nielsen JC.  Empiric versus imaging 
guided left ventricular lead placement in cardiac 
resynchronization therapy (ImagingCRT): study 
protocol for a randomized controlled trial. Trials. 
2013;14:113.

	82.	Laksman Z, Yee R, Stirrat J, Gula LJ, Skanes AC, 
Leong-Sit P, Manlucu J, McCarty D, Turkistani Y, 
Scholl D, Rajchl M, Goela A, Islam A, Thompson 
RT, Drangova M, White JA. Model-based navigation 
of left and right ventricular leads to optimal targets 
for cardiac resynchronization therapy: a single-center 
feasibility study. Circ Arrhythm Electrophysiol. 
2014;7(6):1040–7.

	83.	Ma YL, Shetty AK, Duckett S, Etyngier P, Gijsbers 
G, Bullens R, Schaeffter T, Razavi R, Rinaldi CA, 
Rhode KS. An integrated platform for image-guided 
cardiac resynchronization therapy. Phys Med Biol. 
2012;57(10):2953–68.

18  Importance of RV and LV Lead Placement in CRT



363© Springer International Publishing AG, part of Springer Nature 2018 
S. I. Dumitrescu et al. (eds.), Right Heart Pathology, https://doi.org/10.1007/978-3-319-73764-5_19

Right Heart in Dilated 
Cardiomyopathy

Anjali Chandra, Sami Merie, Diana Morvey, 
Yasemin Saylan, and Ernst R. von Schwarz

Abstract
Dilated cardiomyopathy (DCM) is a signifi-
cant burden affecting 5 people in 100,000, it is 
also the most common cardiomyopathy 
encountered. The condition can be a result 
of underlying diseases, which can comprimise 
the heart's contractility such as any insult to 
the heart, for example several viral or bacterial 
infections can lead to myocarditis, whereas 
other agents such as alcohol or illicit drug 
use can exert direct cardiotoxic effects desta-
bilizing the normal cardiac function. In many 
cases, however, no causing effect can be iden-
tified and thus, the condition is referred to as, 
idiopathic non ischemic (dilated) cardiomy-
opathy. This chapter is dedicated to under-
stand the etiology, pathogenesis, clinical 
manifestation, diagnosis and treatment of 
DCM. Although left ventricular dysfunction is 
seen as the primary outcome of the disease, 

the right heart function and dysfunction does 
plays an important role. Physical examination, 
a complete history and assessment of current 
symtoms as well as an electrocardiogram, lab-
oratory testing including metabolic panel, 
brain natriuretic peptide levels and echocar-
diogram are mainly utilized in the initial diag-
nostic work-up if cardiomyopathy as a reason 
for heart failure symptoms is suspected. Due 
to subtle symptoms of the disease patients 
oftentimes do not seek medical advice early in 
the course of the disease but only after severe 
and debilitating heart failure symptoms occur. 
Modern therapy is tailored to 1) alleviate 
symptoms, 2) improve outcomes and reduce 
mortality and morbidity, and 3) remove or 
ease the underlying causes in cases of second-
ary DCM. Whereas vasodilators such as 
nitrates and diuretics are often the first-line 
therapy to ease symptoms of shortness of 
breath and volume overload, early treatment 
with Angiotensin Converting Enzyme 
Inhibitors (ACEI) and Angiotensin Receptor 
Blockers (ARB) is initiated in order to used to 
prevent cardiac remodeling. Beta blockers 
have shown promising results to potentially 
reverse ventricular dilatation and further 
prevention of structural changes.
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19.1	 �Introduction

In cardiomyopathies the heart muscle demon-
strates a reduced contractile function secondary to 
a failure of the cardiomyocytes. Cardiomyopathies 
of different origins represent a major contributor 
to overall cardiovascular morbidity and mortal-
ity [1]. The underlying etiology may be genetic 
as in the cases of hypertrophic cardiomyopathy, 
arrhymogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D), mitochondraial cardiomy-
opathy; or genetic and acquired as in dilated car-
diomyopathy and restrictive cardiomyopathy [2].

The advancement in genomic studies has elu-
cidated the pathophysiology of the cardiomyopa-
thies as a result of mutations at the genetic level. 
According to Dadson et  al., “Modern genomics 
has identified mutations that are common in these 
populations, while in vitro and in vivo experimen-
tation with these mutations have provided invalu-
able insight into the molecular mechanisms native 
to these diseases. For example, increased myosin 
heavy chain (MHC) binding and ATP utilization 
lead to the hypercontractile sarcomere in HCM, 
while abnormal protein–protein interaction and 
impaired Ca2+ flux underlie the relaxed sarco-
mere of DCM” [2]. The main focus of this chapter 
is right ventricular dilated cardiomyopathy.

Dilated cardiomyopathy (DCM) is character-
ized by dilation and impaired contraction of the 
ventricles [3]. It is the most common cardiomy-
opathy accountings for approximately 55% of all 
cases [1]. It has an incidence rate of 2–8/100,000 in 
adults and about 0.57/100,000 in children and a 
prevalence rate is 1/2500 [1]. Unlike most part of 
the world, DCM is very common in Africa due to 
the advent of the human immunodeficiency virus 
(HIV) infection and its association with cardio-
myopathies; and it is the major cause of heart 
failure throughout the continent [3].

19.2	 �Etiology and Pathogenesis 
of Dilated Cardiomyopathy

 DCM is a progressive disorder of the myocar-
dium characterized by ventricular chamber dila-
tation and reduced systolic function that 
eventually leads to the development of heart fail-

ure, arrhythmias, thromboembolic complica-
tions, heart failure-associated multi-organ 
failure and sudden or HF-related death [1]. DCM 
can be classified into primary and secondary car-
diomyopathies as a result of the underlying etiol-
ogy. Primary dilated cardiomyopathy includes 
acquired and familial or genetic causes, whereas 
secondary cardiomyopathy are mainly acquired 
due to myocardial damage from systemic dis-
eases such as myocardial ischemia, inflamma-
tion, infection, increased myocardial pressure or 
volume load and toxic agents [3]. Idiopathic 
DCM is diagnosed when all possible underlying 
causes are for the changes in the heart muscle and 
chambers are excluded.

In primary cardiomyopathy, genetic causes 
account for 20–30% of all DCM cases and up to 
60 genes have been linked to the aetiology of the 
disease [4]. In most cases, DCM displays an 
autosomal dominant transmission; however, 
autosomal recessive, X-linked inheritance and 
mitochondrial inheritance pattern have been 
reported in some cases [5]. Firstly, recent genetic 
analysis has implicated Titin (TTN) as the pre-
dominant DCM causing gene in multicohort 
studies [6]. In order to understand TTN muta-
tions, one must first look at the interactions the 
gene has with other sarcomere proteins. The TTN 
gene interacts with four protein bands, Z-disk, 
I-Band, M-Band and A-band. The Z-disk con-
tains the first 826 amino acids and interacts with 
N-residues, moreover, the Z-disk TTN structur-
ally and functionally interacts with myofibrillar 
and sarcolemmal proteins and as a result is 
important for myofibrillar assembly, stability and 
signalling [7]. The meta-transcript of I-band TTN 
is mainly composed of Ig domains, cardiac N2B 
region, skeletal N2A and Pro-Glu-Val-Lyrs TTN 
domain, in which they all contribute to TTN 
related elasticity. Taking everything into account, 
this makes the I-band TTN a highly interactive 
structure with potential for alternative splicing 
[8]. A-band TTN mainly consists of Ig and 
Fibronectin motifs, in contrast to previously 
listed bands; it is inextensible as it provides bind-
ing sites for myosin [9]. Finally, the M-band con-
tains the putative serine/threonine kinase domain 
and consequently its function revolves around its 
kinase domain activity [10]. TTN is a DCM locus 
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and is located on chromosome 2q31 and is the 
largest protein known in biology [8]. TTN has a 
huge potential to be alternatively spliced and 
increasing complexity of protein isoforms can be 
introduced due to various mutations such as point 
mutations, premature termination codes and 
insertions/deletions [11].

Secondly, the wingless (Wnt) pathway has 
been strongly associated with the pathogenesis of 
DCM. Patients with DCM are characterized by 
deregulated systemic and myocardial Wnt signal-
ing involving Wnt4a and the Wnt antagonist 
sFRP3, a study on 102 patients diagnosed with 
idiopathic DCM concluded. High levels of circu-
lating Wnt5a correlated with increased pulmo-
nary artery pressures, decreased right ventricular 
(RV) function and adverse outcome. A higher 
Wnt5a/sFRP3 ratio in the  right ventricle corre-
lated with NFAT activation and pulmonary artery 
pressure [12].

Thirdly, arrhythmogenic right ventricular car-
diomyopathy (ARVC) is a primary disease of the 
heart muscle that results from fibrofatty replace-
ment of the right ventricle and the subpericardial 
region of the left ventricle. Familial studies have 
implicated that ARVC is caused by genetic altera-
tions in desmosomal proteins, especially plako-
globin and desmoplakin. Thus, ARVC is proposed 
to be a result of an underlying inflammatory pro-
cess modulated by the aforementioned genes [13].

Primary acquired DCM can be further divided 
into four main subtypes namely: Takotsubo cardio-
myopathy, peripartum cardiomyopathy, tachycar-
dia-induced cardiomyopathy, and inflammatory 
cardiomyopathy.

Takotsubo cardiomyopathy (TCM) it was first 
described in Japan in 1991. It is a transient car-
diac syndrome that involves left ventricular api-
cal akinesis and mimics the clinical presentation 
of acute coronary syndrome (ACS). The disease 
initially presents with chest pain and/or dyspnea, 
the electrocardiographic changes and elevated 
serum cardiac markers observed in TCM patients 
often result in the misdiagnosis of TCM as ACS 
[14]. In order to properly diagnose TCM, it is 
necessary to perform echocardiography to evalu-
ate wall motion abnormality and coronary angi-
ography to confirm the absence of significant 
stenotic lesions [14].

Peripartum cardiomyopathy (PCM), according 
to Fett, is defined as a new heart failure in a previ-
ously heart-healthy peripartum patient. It is neces-
sary to rule out all other known causes of heart 
failure before accepting a diagnosis of PCM. An 
echocardiography with an ejection fraction less 
than 45% from 1 to 5 month of delivery, it is defined 
as pregnancy associated cardiomyopathy [15].

Immune system changes during pregnancy 
play an important part in the pathogenesis of 
PCM. T-cells and innate immunity activations are 
increased during pregnancy. For example, T cells 
(CD3+ CD4− CD8− CD38) are increased in PCM 
patients compared to healthy postpartum patients. 
Natural killer (NK) cells (CD3− CD56+ CD16+) 
are significantly reduced in PCM patients com-
pared to healthy postpartum women [15].

Long standing tachycardia is an identified 
cause of heart failure and left ventricular dys-
function and has led to the definition of a condi-
tion referred to as  tachycardia-induced 
cardiomyopathy (TIC) [16]. Inflammatory car-
diomyopathy on the other hand is defined as 
inflammation of the cardiomyocytes associated 
with impaired function of the myocardium. This 
is triggered mostly by viral infections [17].

In secondary DCM, the myocardial damage 
usually is a result of systemic diseases. 
Inflammation of the myocardium due to an infec-
tious process is the most common cause. For 
example, infectious myocarditis can be caused by 
bacterial, fungal, parasitic, spirochetal, proto-
zoal, rickettsial and most commonly viral infec-
tions. Coxsackievirus A and B are frequent causes. 
Myocarditis related DCM which was previously 
thought to be idiopathic in nature, is found to be 
oftentimes  associated with Parvovirus B19, 
HHV-6 and Enterovirus infections [18]. A recent 
study demonstrated that 23.1% of patients who 
were previously classified under idiopathic DCM 
were found to have biomarkers that are indicative 
of a prior enterovirus infection, whereas 76.9% 
of patients had a parvovirus viral load but lacked 
biomarkers indicating the association between 
viral infection and DCM.  The study concluded 
that more optimal results could be obtained by 
revising endomyocardial biopsy protocols [19].

Histopathologic criteria can be used to further 
classify myocarditis. These include lymphocytic 
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(viral), eosinophilic, polymorphous, giant cell 
and granulomatous. Other causes of myocarditis 
include autoimmune conditions, which are fur-
ther divided into allergic, alloantigens and auto-
antigens. In autoimmune myocarditis, the body 
forms circulating antibodies that attack the myo-
cardium. Finally, Toxicity from drugs, heavy 
metals, hormones and physical agents can cause 
myocarditis [20].

19.3	 �Pathological Findings 
in DCM

Grossly, the hallmark of dilated cardiomyopathy 
is dilated and enlarged ventricles. The heart is 
described as large, floppy, and often with thinned 
ventricular walls [21]. In a study conducted on 64 
explanted hearts diagnosed clinically with DCM, 
55 patients did have dilated cardiomyopathy on 
autopsy, whereas in 9 patients pathologic exami-
nation revealed other conditions. From the fol-
lowing 55 patients, 38 showed typical 4 chamber 
dilation, 5 exhibited features of left ventricular 
noncompaction, 4 showed minimal gross or his-
tologic changes, and 3 had a patterns of healed 
myocarditis [22]. Therefore, macroscopic find-
ings are ventricular chamber dilation with normal 
or thickened walls (cardiac remodeling). Valvular 
dilation of the orficies can be found secondary to 
ventricular chamber dilation. Coronary artieries 
usually display normal anatomy. However, the 
presence of non-occlusive atherosclerotic plaques 
is often noted. Thrombi are frequently visible in 
ventricles and atrial appendagees [23]. In a study 
conducted to examine the relevance of scars in 
non-ischemic cardiomyopathy, myocardial scars 
have been detected by delayed enhancement car-
diac magnetic resonce imaging studies (MRI-
DE-CMR). In addition, over half of the patients 
displayed macroscopic evidence of cardiac tissue 
replacement with fibrous tissue [24].

Microscopic findings in biopsies show minimal 
variation in myofiber size, but display features of 
myofiber loss, interstial fibrosis, and noticable 
variation between myofiber sizes. Negative find-
ings are essential in the microscopic examination 
in order to exclude secondary causes. In 25% of 

patients, specific diagnoses such as amyloidosis 
and hemochromatosis had been established [3]. 
Myocardial necrosis is rare, but predominantly 
found in the sub-endocardium [24].

19.4	 �Clinical Presentation 
of Dilated Cardiomyopathy

In a case study by Fitchett et al. [39] 14 patients 
with right ventricular dilated cardiomyopathies 
were studied, most of the patients presented with 
arrhythmia (70%), right heart failure, ventricular 
tachycardia which lead to syncope and different 
forms of arrhythmia [39]. Other common clinical 
scenarios include signs and symptoms of conges-
tive heart failure, thromboembolism, and sudden 
death. The age of manifestation is from new-born 
through late adulthood, but most patients are 
diagnosed in their second to fifth decades [1]. 
Arrhythmias can be a part of the initial clini-
cal presentation, or can occur at a later stage of 
the disease as the heart undergoes structural 
changes that contribute to arrhythmogenic poten-
tial [25]. According to Towbin “DCM can also 
present with muscular involvement and may be 
the presenting or primary clinical feature of sev-
eral multi-system conditions, including Emery-
Dreifuss muscular dystrophy (EDMD), Barth 
syndrome, myofibrillar myopathy, limb-girdle 
muscular dystrophy (LGMD), and Duchenne or 
Becker muscular dystrophy (DMD/BMD)” [1].

On physical examination, the patients might 
present in distress, with peripheral edema or 
other signs of volume overload, with dyspnea, 
tachypnea, tachycardia, possibly with a posi-
tive jugular venous distension, and patients 
might demonstrate systolic murmurs as a result 
of mitral and tricuspid regurgitation during 
cardiac auscultation. The former presents with 
pansystolic murmur heard at the apex, whereas 
the latter presents with holosystolic murmur 
best heard at the left sternal border. Carvallo’s 
sign, murmur that intensifies on inspiration, is 
observed in cases with right-sided involvement 
of the heart. In both cases a third heart sound 
(S3) can be present as an additional finding 
[26].

A. Chandra et al.



367

19.5	 �Diagnostic Approach

Diagnosing DCM is challenging due to the vari-
ety of presentations. Therefore, a  multi step 
approach is used. The initial step include  a 
detailed history including the assessment of pos-
sible risk factors as well as a  family history. 
Physical examination includes a complete assess-
ment including inspection of the skin, legs, geni-
tals, back, neck, eyes, assessment of peripheral 
pulses on arms and legs bilaterally, as well as 
auscultation of the heart and lungs and stomach, 
including palpitation and percussion. 

Echocardiography is usually the initial method 
to assess cardiac function, according to an article 
published in 2016 by the American College Of 
Cardiology, cardiovascular magnetic resonance 
is the gold standard to assess ventricular func-
tion, as well as being an alternative to more inva-
sive procedures used previously for the same 
purpose such as coronary angiogram. In suspi-
cion of hereditary cases, genetic testing, though it 
is not recommended as initial approach, can be 
ordered to detect previously mentioned muta-
tions commonly associated with DCM [27]. This 
approach may give a clue to the underlying 
mechanism for the IDCM.

A multiple step approach is recommended by 
the most recent guidelines of the British Society 
of Echocardiography. As first line diagnostic tool, 
a transthoracic echocardiogram (TTE) is recom-
mended, since it determines the severity of 
impairment caused by wall thickness changes and 
ventricular dysfunction. Mostly the LV is affected 
first; although RV involvement may be present, it 
is not used as a diagnostic criterion [28].

Echocardiography is useful in determining the 
functionality of the left ventricle and vulvular 
involvement. Left ventricular dilatation and left 
ventricular ejection fraction (LVEF) less than 45% 
is considered diagnostic in IDCM. Mitral regurgi-
tation and tricuspid regurgitation are common 
findings, indicating LV and RV dilatation [28].

Current guidelines recommend additional 
testing as initial approach such as metabolic 
panel, chest X-ray (shows cardiomegaly in 
advanced cases), an ECG and 24 h Holter moni-
toring to determine arrhythmias and QRS dura-

tion changes associated with DCM. The 
investigations discussed above are performed on 
the basis of initial evaluation [29].

19.6	 �Treatment

Management modalities are important in increas-
ing the quality of life of the patient, relieving the 
exacerbation of the symptoms and possibly 
reversing the pathological events that took place 
in the heart due to DCM.

Reversal of the cardiac structural changes are 
called reversed remodeling and is established by 
medications mostly exerting their effect through 
the sympathetic and renin- angiotensin- aldoste-
rone system [30]. A  prognostic factor used to 
assess the severity of disease is the degree of 
cardiac dilation. Not all patients benefit from 
the treatment in  the same way, moderate and 
severely affected venctricles in some cases show 
better recovery than minimally affected ones 
[31]. Angiotensin converting enzyme inhibitors 
(ACEI) and angiotensin receptor blockers 
(ARBs) are an effective treatment for 
the improvement of cardiac function by reverse 
remodeling [32]. Although ACEI play a role in 
increasing the ejection fraction by small 
amounts and improvement of the cardiac dila-
tion by preventing further changes to the heart 
muscle, beta blockers such as carvedilol are 
more effective in reversing the dilation and 
improving the EF [33, 34].

Management of the patient is planned depend-
ing on the etiology and clinical manifestations of 
DCM. In cases of secondary causes, like amyloi-
dosis additional therapy aimed at the underlying 
disease such as anti plasma cell therapy is proven 
to be beneficial [35]. Furthermore, more invasive 
measures such as cardiac defibrillator or pace-
maker implantation are used in patients present-
ing with arrhythmias and conduction delays. This 
approach prevents sudden cardiac arrest and 
leads to the reduction of hospitalization in 
patients with systolic dysfunction [36].

For patients with chronic heart failure due 
to DCM in its advanced stages, cardiac trans-
plantation is the ultima ratio therapeutic option, 
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however, is limited to a relatively small num-
ber of patients, depending on eligibility due 
to co-morbidities, age and other factors which 
might influence the outcome of transplanta-
tion. DCM was responsible for more than 50% 
of cardiac transplantations performed between 
2006 and 2012 [37]. Survival post-transplant 
between ischemic and IDCM were found to 
be similar with cases of pure myocarditis suf-
fering less infections post operatively [37, 38].
Further treatment options include right (and/or 
left) ventricular assist devices, the implantation 
of the total artificial heart. The right ventricu-
lar assist devices (as well as the total artificial 
heart) are mainly used temporarily as a bridge 
to either recovery or to transplantation. Future 
options might include stem cell and immuno-
logic therapies, and other surgical (myoplastic) 
procedures. 

Conclusion
Cardiomyopathies are disease that adversely 
affects the cardiomyocytes. There are various 
types, but dilated cardiomyopathy (DCM) is 
the most common cardiomyopathy which is  
characterized by dilated ventricles and low 
ejection fraction [1, 39]. There are sev-
eral  genetic dispositions and environmental 
influences. Under the genetic causes of DCM, 
“there is a disruption in the “final common 
pathyway” linking the sarcomere and sarco-
lemma. The mutation in this affected genes 
codes of cytoskeletal and cardiac muscles that 
are dysfunctional [1]. The poor functioning of 
the ventricles lead to dilatation of the ventri-
cles and poor contractility which later might 
result in the formation on thrombi in the ven-
tricles as a result of stasis.

This type of cardiomyopathy has male pre-
ponderance and presents with arrhythmia, 
ventricular tachycardia leading to syncope, 
right and left heart failure [39].

The presentation of DCM can be vague. It 
is therefore important to take a detail history 
with emphasis on family history and a detailed 
clinical examinations looking for clues that to 
will aid in eliminating other differential 
diagnosis.
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Left Heart Pathology and Right 
Ventricle Function

Sebastian Onciul and Maria Dorobanţu

Abstract

Pulmonary hypertension and right ventricular 
dysfunction are both common in left-sided 
heart failure. The classical belief that in left-
sided heart disease, right ventricular dys-
function develops secondary to pulmonary 
hypertension is not always true and exceptions 
to this rule may occur frequently in clinical 
practice. The shared myofibers between left 
and right ventricles, the dysfunctional inter-
ventricular septum and the shared pericardium 
are more important mechanisms of right ven-
tricular dysfunction in left heart failure. As 
pulmonary hypertension and right ventricular 
dysfunction do not always coexist in the same 
patient, they have independent prognostic 
value, and therefore each of them should be 
regarded as separate entities in the process 
of risk stratification of patients with left heart 
failure. In this chapter we discuss the currently 
accepted mechanisms of right ventricular dam-
age in the context of left heart disease. We also 
present epidemiological data as well as the 
predictive value of right ventricular dysfunc-
tion in some of the most frequent etiologies 
of left heart failure such as heart failure with 

reduced ejection fraction, heart failure with 
preserved ejection fraction, aortic stenosis and 
mitral regurgitation.

Keywords

Right ventricle dysfunction · Left-sided heart 
failure · Pulmonary hypertension · Valvulopathies

20.1	 �Introduction

20.1.1	 �How Frequent is Right 
Ventricular Dysfunction 
in the Context of Left Heart 
Disease?

Studies aiming to clarify the prevalence and the 
prognostic significance of right ventricular dys-
function (RVD) in left heart failure (HF) have 
returned significantly different numbers depend-
ing on the imaging technique employed to diag-
nose RVD as well as the various cut-off values 
for different parameters used to define RVD. For 
example, a cut-off value for tricuspid annular 
plane systolic excursion (TAPSE) of 15, 16 or 
17 mm has been used to define RVD in various 
two-dimensional echocardiography studies.

The highly variable figures also depend on 
the etiology and severity of the left HF.  The 
prevalence of RVD is higher in HF with 
reduced ejection fraction (HFrEF) than in HF 
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with preserved ejection fraction (HFpEF) or 
left-sided valvulopathies. As a general rule, 
RVD becomes more frequent with more severe 
left heart pathology.

According to a meta-analysis including 11 stud-
ies and 4732 patients, almost half of the patients 
with left ventricular dysfunction may associate 
RVD [1]. Moreover, only one third of the HFpEF 
patients associate RVD [2]. Similarly, one third of 
the patients with left-sided valvular disease have 
RVD.  Using cardiovascular magnetic resonance 
(CMR), the gold standard for the assessment of RV 
volumes and function, it was demonstrated that 
approximately one third of the patients with non-
ischemic cardiomyopathy have RV ejection fraction 
(RVEF) ≤45% [3]. In this population RVD proved 
to be a powerful, independent predictor of trans-
plant-free survival and adverse HF outcomes [3].

20.2	 �Prognostic Significance 
of Right Ventricle 
Dysfunction in Left Heart 
Disease

Pulmonary hypertension (PH) has been long time 
recognized as a risk factor for morbidity and 
mortality in patients with left sided HF of various 

etiologies. Historically, it was considered that in 
left-sided HF, RVD occurs secondary to high sys-
tolic pulmonary artery pressure (sPAP). However 
this is not always true and exceptions to this rule 
may occur frequently in clinical practice. RVD 
may be present in left sided HF, without the coex-
istence of high sPAP (see Mechanisms below). 
Conversely, RV function may be preserved 
despite elevated sPAP.

The reasons for which some patients with left-
sided HF develop severe PH and RVD whereas 
others do not, remain largely unknown [4]. This 
might be explained by a genetic susceptibility of 
pulmonary vasculature and RV myocardium or 
might as well be explained by the length of time 
for which RV had been exposed to an increased 
afterload. In other words the development of 
RVD in response to a chronic increase in sPAP is 
time-dependent [4].

Rosenkranz et  al. described a progression 
from a ‘left ventricular phenotype’ to a ‘right 
ventricular phenotype’ across the natural history 
of HF (Fig. 20.1) [4]. Mortality increases as the 
RV phenotype develops. Consequently, the thera-
peutic strategies also change along the spectrum 
of RVD, consisting in correction of the underly-
ing cardiac pathology when the patient is still in 
the ‘left ventricular phenotype’, changing to 

Spectrum of Right Ventricular Dysfunction and Presentation

“Left Ventricular Phenotype” “Right Ventricular Phenotype”

Right
Ventricle
“normal”

Severe Right
Ventricular
Dysfunction

Left Ventricular
Dysfunction

Left
Ventricular
Dysfunction

Lower Mortality Higher

Post or Pre-capillary
pulmonary Hypertension

Resting Haemodynamics
Post or Pre-capillary

Pulmonary Hypertension

Treat myocardial
/ valve disease

Treatment
Clinical Trials
& Registries

Fig. 20.1  ‘Left ventricular phenotype’ vs. ‘right ventricular 
phenotype’ in pulmonary hypertension associated with left 
heart disease. Shown is the spectrum of right ventricular dys-

function and presentation, the impact on mortality, therapeu-
tic implications, and resting pulmonary haemodynamics. 
From Rosenkranz et al. [4] with permission

S. Onciul and M. Dorobanţu



373

Right heart

Pulmonary veno-occlusive disease
Pulmonary vein stenosis

Cor triatriatum
Atrial myxoma

Mitral stenosis
Mitral regurgitation

LV diastolic dysfunction
Aortic valve disease

Pulmonary arteries

Lung tissue

Pulmonary veins

Left atrium

Mitral valve

Left ventricle

Fig. 20.2  Anatomic 
organization of left heart 
causes of pulmonary 
hypertension from the 
right ventricle through 
the lungs to the left 
ventricular outflow tract. 
From Kiefer and 
Bashore [6]. It is an 
open access article

inclusion in clinical trials and registries for 
patients with ‘right ventricular phenotype’.

Taking into account the fact that PH and RVD 
doesn’t always coexist, however each of them have 
its own prognostic value, it is reasonable to con-
sider that an accurate prognostic stratification of 
patients with chronic left HF requires the knowl-
edge of both sPAP and RV performance. Future 
risk scores should combine both sPAP values and 
parameters of RV function. Right ventricular func-
tion as well as PH can be easily assessed with con-
ventional echocardiography. Simple TAPSE 
assessment may provide an useful objective sur-
rogate of RV function with a strong prognostic 
value [5].

20.3	 �Mechanisms of Progression 
from Left Heart Failure 
to Right Ventricular 
Dysfunction

The most common cause of RVD is left-sided 
HF. The left heart causes of PH are synthesized in 
Fig. 20.2 [6]. There are multiple mechanisms by 
which left-sided HF can result in RVD [7]:

•	 Backwards transmission of the elevated pres-
sures from left heart chambers to the pulmo-
nary circulation with subsequent development 
of PH and secondary RVD;

•	 The RV may be involved in a global biventricu-
lar cardiomyopathic process such as arrhyth-
mogenic right ventricular cardiomyopathy or 
dilated cardiomyopathy;

•	 Myocardial ischemia of both LV and RV;
•	 Ventricular interdependence due to interven-

tricular septal dysfunction and shared myocar-
dial fibers between RV and LV.

The classical pathophysiological paradigm 
states that increased LV filling pressures are trans-
mitted backwards to the left atrium and then to 
pulmonary circulation. The co-existence of mitral 
regurgitation may augment the backward trans-
mission of high atrial pressures. In this pathophys-
iological process left atrium plays an important 
role in modulating the transmission of high ven-
tricular pressures to pulmonary venous circula-
tion. Depending on its distensibility, the left atrium 
may enlarge in order to accommodate a larger vol-
ume of blood or may act as a stiff chamber trans-
mitting the LV high pressures to pulmonary veins.

20  Left Heart Pathology and Right Ventricle Function
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Chronic elevated left-sided filling pressures 
may induce changes in the concentration of 
several mediators involved in pulmonary vaso-
constriction [8]. These changes may result in 
pulmonary arterial vasoconstriction and vascu-
lar wall remodeling [4].

However, RVD in left-sided HF cannot be 
explained only by chronic pulmonary hyperten-
sion [7]. In clinical studies, RVD was indepen-
dently associated with LV systolic dysfunction 
and atrial fibrillation, but not with sPAP, suggest-
ing that PH is not the single mechanism of RV 
dysfunction in left HF [9].

20.4	 �Ventricular Interdependence 
Theory

The theory of ventricular interdependence states 
that RV systolic impairment is in part a consequence 
of interventricular septum dysfunction as well as 
structural changes of the RV myocardium indepen-
dent of the severity of PH. Left and right ventricles 
share both the interventricular septum as well as the 
pericardial space. They also share common myo-
cardial fibers that originate in the superficial layer of 
the LV and continue to the RV (Fig.  20.3) [10]. 
Through these pathways, LV contraction contrib-
utes to RV pressure development [7].

Even subtle alterations in LV myocardial 
fibres can be transmitted to the RV wall—a phe-
nomenon sometimes referred to as myocardial 
cross-talk. This mechanism may explain the 
development of RVD in left-sided heart patholo-
gies in the absence of elevated sPAP. The con-
cept was proven in left-sided diseases such as 
aortic stenosis or mitral regurgitation.

The relative contribution of LV performance 
on RV function was elegantly demonstrated by 
Santamore et  al. in paced rabbit hearts beat-
ing isovolumically [11]. Reducing LV volume 
caused a 5.7% decrease in RV developed pres-
sure (RVDP). Producing ischaemia of the LV 
free wall resulted in an additional 9.3% decrease 
in RVDP.  Finally, cutting the LV free wall 
caused a 45% further decrease in RVDP [11].

Conversely, chronic increased RV afterload 
results in LV adverse remodeling. Friedberg et al. 
showed using animal model that chronic increase 

in RV afterload by pulmonary artery banding 
resulted in biventricular hypertrophy, fibrosis, 
and apoptosis [12].

20.5	 �Right Ventricular 
Dysfunction in Heart Failure 
with Preserved Ejection 
Fraction

Right ventricular dysfunction occurs in approxi-
mately 1/3 of patients with HFpEF [2]. Generally 
patients with HFpEF who associate RVD tend to 
have more severe HF: lower cardiac output, more 
severe diastolic dysfunction, lower EF albeit in the 
normal range and a higher prevalence of atrial 
fibrillation (AF).

The exact mechanisms by which HFpEF can 
result in RVD are not known. Increased rates of 
atrial fibrillation (AF) in HFpEF patients with 
right ventricular systolic dysfunction (RVSD) 
suggest that AF may be one of the common 
pathophysiological links between left and right 
HF.  Enlargement and remodeling of both atria 
predispose to development of AF. In this scenario 
the harmful tachyarrhytmic effects may be more 
pronounced on the thinner RV myocardium.

The new paradigm in the pathophysiology of 
HFpEF states that this syndrome occurs secondary 
to a cluster of systemic factors such as: diabetes 
mellitus, obesity, chronic obstructive pulmonary 
disease and salt-sensitive hypertension [13]. All 
these comorbidities induce a systemic proinflam-
matory state which in turn causes coronary micro-
vascular endothelial inflammation [13]. Whether 
this microvascular dysfunction might induce a 
decrease in the contractility of the much thinner 
RV myocardium is not known.

Regardless of the mechanisms of RV impair-
ment in HFpEF, RVD plays an important role in 
predicting outcomes in this category of patients. 
Risk stratification is particularly difficult in 
HFpEF patients in which left ventricular ejection 
fraction (LVEF) or dimensions cannot be used as 
prognostic markers. Mohammed et  al. showed 
that the presence of RVD assessed semiquantita-
tively by 2D-echocardiography was associated 
with higher all-cause and cardiovascular mortal-
ity as well as higher HF hospitalizations rates [2].
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20.6	 �Right Ventricle Dysfunction 
in Left-Sided Valvular 
Disease

Right ventricular dysfunction is common in 
left-sided valvular disease. In the context of 
mitral stenosis, RVD results secondary to high 
RV afterload due to increased pressures ini-
tially in venous and then in the arterial pulmo-
nary circulation.

In what concerns the other left-sided valvular 
disease it seems that the classical increase in 
sPAP is not the main mechanism responsible for 
RVD.  Instead, other mechanisms such as LV 
remodeling, septal dysfunction and ‘myocardial 
cross-talk’ phenomenon (see above) are more 
important in the pathophysiology of RVD.

Regardless of the mechanisms linking left-
sided valve disease to RVD, numerous studies 
have demonstrated that both PH as well as RVD 

a b

c

e

d

Fig. 20.3  Diffusion 
tensor magnetic 
resonance image 
demonstrating 
orientation of myocytes. 
The figure shows clearly 
the right ventricle is 
composed by tracks 
from the parietal walls 
of the left ventricle 
(a–d). Image (e) shows 
the basal circumference 
of the left ventricle. 
From Smerup et al. [10] 
with permission
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are important prognostic factors for patients with 
left-sided valvulopathies. Although severe PH is 
one of the guidelines indications for valve inter-
vention, RVD has been neglected by the guide-
lines. Similarly, neither EuroSCORE nor the 
Society of Thoracic Surgeons’ risk models 
account for preoperative RV function although 
RVD is one of the strongest predictors of RV fail-
ure after cardiac surgery [14]. Furthermore, 
biventricular dysfunction has been shown to be 
the strongest predictor of cardiovascular mortal-
ity in both severe aortic stenosis (AS) as well as 
organic mitral regurgitation (MR) (Figs. 20.4 and 
20.5) [15, 16].

20.7	 �Aortic Stenosis

Approximately half of the patients with severe 
AS have mild to moderate PH, whilst 15–20% of 
them have a sPAP value >50  mmHg [17, 18]. 
Interestingly, the severity of PH doesn’t correlate 
with the aortic valve area or LVEF. Instead, the 
severity of PH correlates with LV end-diastolic 
pressures and some studies suggest a reactive 
component of PH in patients with severe AS [17].

Right ventricle dysfunction is also common 
in patients with severe AS.  Using two-dimen-

sional echocardiography, it was shown that 
approximately one quarter of severe AS patients 
have RVD defined as a TAPSE ≤17 mm. In this 
population, biventricular dysfunction (TAPSE 
≤17 mm and LVEF ≤50%) proved to have the 
strongest predictive value for cardiovascular 
death [15].

In patients with “low-flow, low-gradient 
severe AS” the prevalence of RVD is even higher 
and is independently associated with all-cause 
mortality [19].

The mechanisms by which RV is affected in 
AS patients are complex. The backward trans-
mission of elevated left atrial pressures to pulmo-
nary circulation increasing RV afterload is only 
one of them. Galli et  al. showed using two-
dimensional echocardiography that LVEF and 
global longitudinal strain (GLS) correlate with 
TAPSE whereas the association between sPAP 
and TAPSE is mild or absent [15].

The structural alterations characteristic of LV 
remodeling in AS might spread to the RV along the 
anatomical pathways described above. Furthermore, 
the neuro-hormonal milieu which predispose to 
remodeling and fibrosis in the LV myocardium acts 
as well on RV myocardium. In other words, LV pres-
sure/volume overload induces LV as well as RV 
myocardial fibrosis. It was demonstrated that even 
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Fig. 20.5  (a) Ten-year 
cardiovascular survival 
rate after mitral valve 
surgery in patients with 
preserved (>35%) versus 
depressed (≤35%) RV 
EF (P = 0.037). (b) 
Ten-year cardiovascular 
survival rate after mitral 
valve surgery in patients 
with normal RV and LV 
systolic function (—), 
isolated depression of 
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(–|–|–) and biventricular 
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Note the dramatic 
decrease in 10-year 
cardiovascular survival 
in patients with 
biventricular impairment 
in comparison with the 
remaining patients 
(P < 0.0001). EF 
indicates ejection 
fraction, LV left 
ventricle, and RV right 
ventricle. From Le 
Tourneau et al. [16] with 
permission
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mild to moderate, uncomplicated systemic hyper-
tension is associated with concentric RV remodel-
ing, confirming that the unstressed RV is not immune 
to the effects of systemic hypertension [20].

Additionally, the fibrotic processes in the two 
ventricles are interconnected as it was demon-
strated by a CMR study analysing severe AS 
patients 6 months after they had their aortic valve 
replacement surgery. It was shown that RV sys-
tolic performance decreases 6 months after surgi-
cal aortic valve replacement in patients with LV 
myocardial fibrosis, while in patients without any 
evidence of baseline LV fibrosis, no significant 
change in RV function was seen following surgi-
cal aortic valve replacement [21].

20.8	 �Right Ventricular Function 
After Treatment of Aortic 
Stenosis

Both PH and RVD are associated with poor 
prognosis in patients with severe AS. The peri-
operative mortality is high for patients with 
severe AS and severe PH undergoing aortic valve 
replacement surgery (SAVR). However, mortal-
ity is even higher in those treated conservatively 
[17]. Interestingly, if the AS patients survive 
SAVR, the PH regresses and these patients have 
a similar prognostic to those without preopera-
tive severe PH.

Transcatheter aortic valve replacement 
(TAVR), may lead to substantial reduction in pul-
monary artery pressure. FRANCE 2 Registry 
which analysed a total of 2435 patients whose 
pre-TAVR sPAP was known, demonstrated that 
the procedural success, early complications, and 
30-day mortality were statistically similar regard-
less of the pre-intervention sPAP values [22]. 
However, moderate and severe PH (sPAP 
≥40  mmHg) was associated with increased 
1-year mortality [22].

To sum up, there are conflicting results regard-
ing the prevalence of RVD after SAVR compara-
tive to TAVR. One of the explanations for these 
divergent results may be again the different 

imaging modalities employed: two-dimensional 
or three-dimensional echocardiography or CMR.

Nonetheless, some studies suggest that the 
prevalence of RVD is higher after SAVR com-
pared to TAVR. Two-dimensional echocar-
diography studies showed a decrease in RV 
function (TAPSE, RV longitudinal strain and 
RV fractional area change) in patients with 
severe AS undergoing SAVR while TAVR 
did not affect the post-intervention standard 
parameters of RV systolic function [23]. The 
pathophysiologic mechanisms of this finding 
are not entirely understood but they may be 
explained by the detrimental effects of peri-
cardiotomy and cardiopulmonary bypass on 
RV function [23].

Contradictory findings are coming from stud-
ies employing three-dimensional echocardiogra-
phy. Keyl et al. showed that there is no difference 
between three-dimensional derived RV function 
after SAVR compared to TAVR [24]. Although 
postoperative TAPSE was markedly reduced in 
patients undergoing SAVR, but not in patients 
undergoing TAVR, fractional shortening of the 
RV mid-cavity transverse diameter actually 
increased after SAVR in contrast to TAVR. Overall, 
the three-dimensional right ventricular ejection 
fraction (RVEF) remained unchanged in both 
patient groups.

Using CMR, the gold standard technique for 
assessing RV size and function, it was demon-
strated that RV systolic function is impaired 
6 months after SAVR [25]. Right ventricle func-
tion is not incorporated yet in the currently 
employed peri-operative risk scores. Real life 
prospective studies are needed to verify if the 
presence of RVD in severe AS patients should 
indicate TAVR over SAVR.

20.9	 �Mitral Regurgitation

Right ventricular dysfunction is also common in 
MR patients. In a radionuclide angiography study 
approximately one third of the patients with 
severe organic MR had RVEF <35% [16].
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Chronic MR can lead to RVD through several 
mechanisms. The increased sPAP is probably the 
least important, while LV remodeling and inter-
ventricular dependence play a more important 
role. In the above mentioned study, RVEF corre-
lated weakly with sPAP (β = −0.14, P = 0.047), 
while the correlation with LV septal function and 
LV end-diastolic diameter was stronger (β = −0.22, 
P = 0.002) [16]. Volume overload in chronic MR 
conducts to LV spherical enlargement. As the two 
ventricles are enclosed in the same pericardial 
envelope, the phenomenon of ventricular interde-
pendence and interventricular septal function 
alteration are important mechanisms for develop-
ment of RVD [26].

The association of RVD portends a worse 
prognosis for patients undergoing mitral valve 
sugery. The significant work by Le Tourneau 
et  al. showed that the biventricular impairment 
(RVEF ≤35% and LVEF <60%) dramatically 
reduced 10-year cardiovascular survival and 
10-year overall survival even after adjustment for 
known predictors (Fig. 20.5) [16].

Similar impact of RVD on outcomes was 
reported in patients with secondary MR. Kaneko 
et  al. showed that RVD (TAPSE <15  mm) was 
associated with worse survival after MitraClip 
implantation [27].

�Conclusions

The spectrum of RVD extends from minimal 
subclinical anomalies to overt right HF and 
modern non-invasive imaging techniques are 
able to diagnose RVD early, allowing for 
timely intensive treatment as well as better 
risk stratification in this patient population.

The mechanisms of RV impairment in the 
context of left-sided heart disease are complex 
and the backwards transmission of increased 
pressures to pulmonary circulation is just one 
piece of the puzzle. Right ventricular dysfunc-
tion is associated with increased mortality in 
patients with left HF independently of other risk 
factors such as LV EF. A rigorous risk stratifica-
tion of patients with left heart pathology should 
take into consideration RV function.
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Myocardial Infarction of the  
Right Ventricle

Antonis S. Manolis, Antonis A. Manolis, 
and Theodora A. Manolis

Abstract

Right ventricular (RV) myocardial infarction 
(MI) usually occurs in the setting of an inferior 
MI (IMI) when the acute occlusion of the right 
coronary artery (RCA) is located proximally to 
the acute RV marginal branches, which com-
monly provide blood supply to the RV. RV MI 
may result in severe right heart failure with 
hemodynamic compromise and cardiogenic 
shock which distinctly differs from the cardio-
genic shock secondary to left ventricular (LV) 
dysfunction, presenting with the clinical triad 
of low-output hypotension, clear lungs, and 
jugular venous distention despite intact global 
LV systolic function. The ECG provides further 
confirmation by examining the right precordial 
leads, V1 and more specifically V4R displaying 
ST elevation. Management of this type of car-
diogenic shock is also grossly different from the 
management of LV shock requiring fluid resus-
citation and/or vasopressors as the most impor-
tant initial approach; however more definitive 

treatment is similar to any type of acute MI with 
prompt mechanical reperfusion therapy, most 
effectively achieved via primary percutaneous 
coronary intervention (PCI) of the culprit coro-
nary artery occlusion.

Keywords

Myocardial infarction · Right ventricle · 
Coronary angiography · Percutaneous coro-
nary intervention · Hypotension · Cardiogenic 
shock

Abbreviations

AF	 Atrial fibrillation
IMI	 Inferior wall myocardial infarction
LV	 Left ventric-le(-ular)
MI	 Myocardial infarction
PCI	 Percutaneous coronary intervention
RA	 Right atrium
RCA	 Right coronary artery
RV	 Right ventric-le(-ular)
STEMI	 ST elevation myocardial infarction

21.1	 �Introduction

For a long time, the right ventricle (RV) had 
been the neglected chamber as it was felt that RV 
contraction was not that important in the circula-
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tion and that, despite loss of RV systolic func-
tion, pulmonary flow could be sustained by a 
passive gradient from an overloaded venous sys-
tem and active right atrial (RA) contraction [1]. 
However, it has now been quite a while that the 
significant hemodynamic effects of RV systolic 
dysfunction have become evident and univer-
sally recognized, particularly with the descrip-
tion of the clinical and hemodynamic 
consequences of severe RV myocardial infarc-
tion (MI), resulting in severe right heart failure, 
clear lungs, and low-output hypotension despite 
intact global left ventricular (LV) systolic func-
tion [2]. Nearly 50% of patients with acute infe-
rior ST elevation MI (STEMI) exhibit RV 
involvement by noninvasive studies, albeit with 
a much lower percentage of evident hemody-
namic effects [3, 4].

It appears that a variety of other factors 
determine the magnitude of hemodymamic 
consequences of RV MI in addition to the 
extent of RV free wall contraction abnor-
malities, as some patients tolerate severe RV 
systolic dysfunction, whereas others develop 
severe hemodynamic compromise and shock. 
It also appears that the term RV “infarction” 
may not best describe the ischemic stunning 
of the RV, as, in most cases, the myocardium 
involved gradually recovers over time, espe-
cially after successful reperfusion and even 
after prolonged periods of infarct-related coro-
nary artery occlusion [5].

21.2	 �Epidemiology

Nearly half of all cases of inferior wall MI (IMI) 
are complicated by RV MI. Isolated RV MIs con-
stitute about 3% of all MIs conferring consider-
able morbidity [3]. RV MI is associated with 
higher in-hospital morbidity and mortality due to 
significant hemodynamic and electrophysiologi-
cal consequences. RV MI has been reported to 
occur more frequently in women than in men. In 
a group of 517 patients with STEMI, 32 (23.5%) 
of 136 women and 42 (11%) of 381 men had RV 
MI (odds ratio 2.48; p = 0.001) [6].

21.3	 �RV Physiology

The RV has the same cardiac output as the left 
ventricle, but one sixth the muscle mass; the resis-
tance that it encounters during blood ejection 
(pulmonary vascular resistance) is considerably 
less that the systemic vascular resistance that the 
LV runs into [7].

The RV derives its blood supply predomi-
nantly from the acute marginal branch of the 
right coronary artery (RCA) for its lateral wall, 
the posterior descending artery for its posterior 
wall and the septum, and the conus artery for its 
anterior wall. The conus artery has the lowest 
incidence of occlusion than any other artery con-
nected to the aorta, hence its importance in pro-
viding collaterals to the other vessels and also 
preserving the systolic function of the RV out-
flow tract in cases of RV MI.

It appears that the RV is less susceptible to 
infarction compared to the LV, as the oxygen 
demand is significantly lower in the RV due to its 
much smaller muscle mass and lower afterload, 
while there is more extensive collateral flow from 
left to right coronary arteries [1, 8].

21.4	 �Pathogenesis

The majority of RV infarctions occur when the 
RCA occludes proximally to its acute marginal 
branches or a minority (~15%) happen when the 
left circumflex (LCx) coronary artery occludes 
in cases of a left dominant coronary anatomy 
[1–4]. Nevertheless, only half of all occlusions 
proximally to the acute marginals result in RV 
involvement as the myocardial injury may be 
prevented or mitigated by better collaterals and/
or ability of better oxygen extraction. RV MI is 
often associated with left ventricular infarction 
(14–84%). Only rarely has isolated RV MI been 
reported that mimics left anterior MI [9]. Scarce 
studies have challenged the notion that RCA is 
the most common infarct-related artery in RV 
MI [10, 11]. In one study, the RCA was involved 
only in approximately a half of the RV MI 
patients. Anterior wall STEMI and the left ante-
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rior descending coronary artery were associated 
with a good proportion (~24%) of ECG signs of 
RV MI, however with no apparent clear mecha-
nism explaining such an RV involvement in 
these cases [10].

21.5	 �Pathophysiology of RV 
Infarcts

Consequences of RV MI comprise reduction of 
RV systolic pressure, LV end-diastolic volume, 
cardiac output, aortic pressure, and equalization 
of RV and LV diastolic pressures. The severity of 
RV MI depends on the extent of infarct and 
restraining effect of pericardium and/or the RV 
interaction with the LV.  Left ventricular septal 
contraction that bulges into the RV generates sys-
tolic force sufficient for pulmonary perfusion. 
Augmented atrial contractility overcomes RV 
stiffness. Diminution of preload with use of 
diuretics and/or nitrates or loss of atrioventricular 
(AV) synchrony confers profound hemodynamic 
effects. Impairment of RA reservoir and conduit 
functions has also been demonstrated in patients 
with IMI plus RV MI compared with patients 
with IMI alone [12].

21.6	 �Diagnosis

Accurate diagnosis of RV MI is important because 
management differs from left ventricular MI. RV 
MI should be always suspected and the diagnosis 
sought in all cases of inferior MIs (Table 21.1). On 
physical examination, the characteristic clinical 
triad of hypotension, clear lungs, elevated jugular 
venous pressure is nearly pathognomonic. On 
ECG, the right precordial leads should always be 
obtained in cases of inferior MIs. A 1-mm ST ele-
vation in V4R has 70% sensitivity and is 100% 
specific [13]. Hemodynamic assessment, if per-
formed, reveals RA pressure >10  mmHg and 
within 1–5 mmHg of the pulmonary capillary 
wedge pressure (PCWP). The echo reveals RV 
dilatation, RV wall asynergy, abnormal interven-
tricular septal motion. The suspicion of RV MI 

should also be entertained when the patient with 
acute MI develops hypotension with administra-
tion of nitroglycerin and/or morphine.

However, in rare cases, isolated RV MI may 
occur that mimics anterior LV infarction in both 
clinical presentation and ECG recordings, ascribed 
to the anterior anatomical position of the RV, over-
lying the left ventricle [9]. Thus, isolated RV MI 
may present with anterior ST elevation attributed 
to either isolated occlusion of the RV branch of the 
RCA, occlusion of a nondominant or a codomi-
nant RCA, or occlusion of a nondominant RCA 
with an anomalous origin [9, 14, 15]. This type of 
RV MI may account for <3% of STEMI cases [3, 
14]. Combined ST elevation in both inferior and 
anterior leads may also be encountered in cases of 
proximal occlusion of a large RCA and underlying 
RV enlargement or hypertrophy which may result 
in a shift of the electrical forces of injury towards 
the anterior leads [16].

In a study of 114 patients with IMI undergo-
ing primary PCI of the RCA, cardiac magnetic 
resonance imaging (CMR) with late gadolinium 
enhancement (LGE) was performed 3–5  days 
post-PCI for RV MI assessment [17]. RV MI 

Table 21.1  Diagnosis of Right Ventricular (RV) Myo-
cardial Infarction (MI)

• Setting: IMI

• �Clinical triad: hypotension, elevated jugular venous 
pressure and clear lungs

• �ECG: ≥1-mm ST elevation in right-sided leads (e.g. 
V4R)

• �Hemodynamics: RA pressure >10 mmHg and within 
1–5 mmHg of the PCWP

• �Echo: RV dilatation, RV wall asynergy, abnormal 
interventricular septal motion

• �CMR with late gadolinium enhancement (LGE): 
impaired RV function, a regional wall motion 
abnormality with corresponding edema on T2W 
images and subendocardial hyperenhancement on LGE

• �Isolated RV MI (<3% of STEMI cases): ST elevation 
in V1–2 (mimics anterior LV infarction)

• �Considered when patient with acute MI develops 
hypotension with administration of nitroglycerin 
and/or morphine

ECG electrocardiogram, IMI inferior wall myocardial 
infarction, LV left ventricle, PCWP pulmonary capillary 
wedge pressure, RA right atrium, RV right ventricle

21  Myocardial Infarction of the Right Ventricle
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was detected in 48 (42%) patients. Multivariate 
regression analysis identified TIMI flow <2 in at 
least one RV branch after PCI as an independent 
angiographic predictor of RV MI (odds ratio -OR 
143.00, p < 0.001]. ST-segment elevation ≥1 mm 
in V4R was present in 83 (73%).

Differential diagnosis may include pericarditis 
with pericardial tamponade which may mimic RV 
MI with the ST elevation present in several leads, 
including right-sided leads (Table 21.2). In this cir-
cumstance, the diagnosis is aided by echocardiog-
raphy which excludes pericardial effusion and 
confirms RV chamber dilatation and impaired RV 
free wall motion in patients with RV MI. 
Anteroseptal MI may also occasionally present 
some difficulty in differential diagnosis as it pres-
ents ST elevation in leads V1 and V2, also seen 
with an RV injury pattern. However, the most com-
mon condition that may be confused with RV MI is 
pulmonary embolism (PE) which may present with 
chest pain and findings of hypotension (or shock) 
and clear lungs and can also exhibit ST elevation in 
the right-sided precordial leads caused by RV 
“strain”. Pleuritic chest pain in PE may help in 
making the distinction. The ECG is helpful to dis-
cern the two; ST elevation in the inferior leads is 
rarely present in patients with PE. Echocardiography 
may also assist to distinguish these two conditions. 
RV systolic dysfunction may be seen in both; how-
ever, sparing of the RV apex (“McConnell’s sign”) 
has been suggested by some as specific for a large 
PE.  However, additional testing may be needed, 
such as measuring D-dimers and performing CT 
scanning or ventilation/perfusion scanning to fur-
ther establish the diagnosis.

Pre-existent pulmonary hypertension (>45–
50 mmHg) produces echocardiographic abnormal-

ities of the RV structure and function, including RV 
dilatation and tricuspid regurgitation, that mimic 
some of the findings of RV MI. In difficult cases, 
placement of a pulmonary artery (Swan-Ganz) 
catheter may provide additional diagnostic infor-
mation, albeit with caution to avoid catheter-
induced ventricular arrhythmias. Hemodynamically 
significant RV MIs produce elevations in RA pres-
sure to ≥10 mmHg and a ratio of RA pressure to 
PCWP increased from a normal of <0.6 to >0.8. 
The diastolic filling pressures in the RA, RV, 
PCWP, and the LV, may be elevated and equalized. 
There may be a Kussmaul’s sign (inspiratory aug-
mentation of venous return due to a dilated and 
non-compliant right heart) evident in the RA pres-
sure trace or the jugular venous pulse.

21.7	 �Identifying the Culprit 
Artery of Acute Occlusion  
by ECG

In cases of ST elevation in the inferior leads, the 
culprit artery of acute occlusion may be the RCA 
or the LCX. By analysis of lead I, ST elevation 
>0.5  mm points to the LCx; ST depression 
>0.5 mm indicates RCA occlusion [18]. If ST is 
isoelectric or ST elevation or depression is 
<0.5  mm, then leads II and III should be ana-
lyzed; ST elevation is greater in lead II than III in 
LCx occlusion. If ST elevation is greater in lead 
III, then a proportionally greater sum of ST 
depression in V1–3 than a sum of ST elevation in 
II, III, aVF points to LCx, while the opposite 
(greater sum of ST elevation in II, III, aVF than 
ST depression in V1–3) indicates the RCA. ST 
elevation in V1 or ST depression <0.5 mm or iso-
electric indicates proximal RCA occlusion and 
therefore possible extension of the ischemia to 
the RV [19]; greater ST depression in V1 indi-
cates distal RCA occlusion. Of course, ST eleva-
tion in lead V4R confirms RV MI [4].

21.8	 �Complications

Shock is the most serious complication of RV MI 
(Table 21.3) which differs from LV cardiogenic 
shock, as it will be described below. Additional 

Table 21.2  Differential Diagnosis (DDx) of RV MI

• �Pericarditis with pericardial tamponade (DDx by 
echocardiography)

• �Anteroseptal MI (ST elevation in leads V1–2, also 
seen with an RV injury pattern)

• �Pulmonary embolism (DDx by ECG, echo, 
D-dimers, CT scanning or ventilation/perfusion 
scanning)

• �Pre-existent pulmonary hypertension (>45–
50 mmHg) (DDx by Swan-Ganz catheter)

CT computed tomography, MI myocardial infarction, RV 
right ventricle
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complications may include both brady- and 
tachy-arrhythmias which are more frequently 
encountered in RV MIs compared with ‘simple’ 
inferior or anterior wall left ventricular MIs. High 
degree or complete AV block may occur in ~50% 
of patients which portends poor prognosis. Atrial 
fibrillation is encountered in 1/3 of patients. RV 
MIs are associated with increased incidence of 
ventricular tachycardia (VT)/ventricular fibrilla-
tion (VF). Other complications may also occur, 
such as right atrial MI, post-MI ventricular septal 
defect (VSD), RV thrombus formation, tricuspid 
regurgitation, and acute pericarditis.

Thus, several important complicating factors 
may worsen the hemodynamic status of patients 
with RV MI (Table 21.3). When the RCA occludes 
proximally to the atrial branches (supplied by the 
RCA in ~60% and by the LCx in ~40%), concomi-
tant RA ischemia or MI can impair RA function 
with serious hemodynamic consequences due to 
compromise or lack of the right atrial kick that may 
even lead to shock [20]. Other manifestations of 
right atrial MI may comprise sinoatrial nodal 
abnormalities such as exit blocks and AF, again 
depending on the location of the occlusion and the 
presence or not of collaterals. Concomitant LV dys-
function may significantly exacerbate the hemody-
namic status, not only due to LV pump failure, but 
also due to the lack of a strong LV septal contrac-
tion on which a severely depressed RV relies on to 

forward blood into the pulmonary circulation. 
Furthermore, tricuspid regurgitation, caused by 
ischemia to the papillary muscle or by dilatation of 
the tricuspid annulus may impose further circula-
tory burden. Even mechanical complications of RV 
MI, such as post-MI ventricular septal defect from 
septal rupture can occur with the left-to-right shunt-
ing further compromising left ventricular output 
and worsening the RV dysfunction.

Sinoatrial or atrioventricular nodal dysfunc-
tion due to ischemia accounts for the bradyar-
rhythmias observed in RV MIs, although 
activation of cardioinhibitory (Bezold-Jarisch) 
reflexes may also be responsible for both severe 
bradycardia and hypotension, arising from stimu-
lation of vagal afferents located in the ischemic 
LV infero-posterior wall but also in the ischemic 
RV.  Finally, ventricular arrhythmias, including 
VT and VF, may complicate up to one-third of 
cases of RV MI. Both these types of arrhythmias 
may also manifest as reperfusion arrhythmias 
[21].

21.9	 �Acute RV Failure/Shock

Patients with acute RV MI may present with 
signs of acute RV failure, usually manifest-
ing with low cardiac output state, hypotension, 
hypoxemia, cold extremities, central nervous 
system dysfunction, oliguria, all signs of shock 
[22]. However, this type of cardiogenic shock is 
entirely different from the shock state produced 
by acute LV failure. It is characterized by signs of 
systemic congestion (jugular venous distention, 
hepatojugular reflex, peripheral edema, conges-
tive hepato-splenomegaly, ascites, anasarca) but 
clear lungs (in the absence of concomitant LV 
dysfunction). An S3 may be heard, as well as a 
systolic murmur of tricuspid regurgitation. An 
increase of biochemical markers may be pres-
ent, such as increased lactate levels, natriuretic 
peptides (BNP or NT-proBNP, cardiac troponin 
I or T, abnormal liver biochemistry (e.g. elevated 
transaminases, bilirubin, prolonged prothrombin 
time), and abnormal renal function (blood urea 
nitrogen, creatinine).

In the presence of IMI, development of hypo-
tension or cardiogenic shock without signs of LV 

Table 21.3  Complicating and prognostic factors of RV 
MI

Acute RV failure/shock

Bradyarrhythmias: high-degree or complete AV block

Tachyarrhythmias: AF, VT/VF

Right atrial MI

Mechanical complications: post-MI ventricular septal 
defect (VSD), tricuspid regurgitation

RV thrombus formation

Acute pericarditis

Concomitant LV dysfunction: a/w greater 
hemodynamic compromise and higher in-hospital 
mortality

Pre-discharge RV dysfunction: a/w worse long-term 
prognosis

AF atrial fibrillation, AV atrioventricular, a/w associated 
with, MI myocardial infarction, LV left ventricle, RV 
right ventricle, VF ventricular fibrillation, VT ventricular 
tachycardia

21  Myocardial Infarction of the Right Ventricle
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failure and 1 mm ST segment elevation in the V4R 
lead, a diagnosis of RV MI can be made, if not 
already confirmed. In this occasion, specific treat-
ment includes prompt administration of fluid load-
ing and vasopressors. In addition, patients with RV 
MI require continuous careful monitoring because 
they are at a significantly higher risk for life-
threatening ventricular arrhythmias (sustained VT 
or VF) and high-degree AV block, which may 
impact overall prognosis [23].

21.10	 �Cardiac Imaging Findings

In patients with RV MI, echocardiography may 
reveal normal or slightly elevated pulmonary 
artery pressure, RV dilation, global and regional 
hypokinesia, abnormal septal motion, reduced 
tricuspid annular plane systolic excursion 
(TAPSE), reduced S′ velocity, congested infe-
rior vena cava (IVC) despite normal or low sys-
tolic RV pressure, and signs of elevated right 
atrial and diastolic RV pressure [22]. In other 
studies, the presence of a severe tricuspid regur-
gitation and of an abnormal septal motion in 
patients with acute MI indicates involvement of 
the RV [24].

Cardiac magnetic resonance (CMR) imaging 
with late gadolinium enhancement (LGE) is a 
very useful test for the detection of RV infarc-
tion, a diagnosis that may be frequently missed. 
The typical CMR pattern of acute RV MI is 
impaired RV function, regional wall motion 
abnormalities with corresponding edema and 
hyperenhancement on T2W and LGE images 
respectively [25]. CMR with LGE has also been 
utilized for risk stratification by visualization of 
wall motion, edema, and delayed-enhancement. 
In a study of 450 STEMI patients undergoing 
primary PCI, a high RV myocardial mass (odds 
ratio, 2.06; P  =  0.012) and a low TIMI flow 
before PCI (odds ratio, 0.50; P  =  0.011) were 
associated with RV MI [26]. Cox regression 
analysis indicated that RV MI detected by CMR 
was a strong and independent predictor of clini-
cal outcome after acute reperfused STEMI (haz-
ard-ratio, 3.36 for predicting time to major 
adverse cardiac events; P < 0.001).

21.11	 �Treatment

Management strategies comprise early maintenance 
of RV preload, reduction of RV afterload, inotropic 
support of dysfunctional RV and early reperfusion 
(Table 21.4). Early reperfusion constitutes the cor-
nerstone of the management. Avoidance of diuretics 
and nitrates which may produce severe hypotension 
is also important.

Volume loading with several liters is the ini-
tial step, followed by dobutamine and/or dopa-
mine if cardiac output fails to improve. AV 
synchrony is essential; one should consider car-
dioversion of AF early if the patient is hemody-
namically compromised. “Unloading” the left 
ventricle with afterload reduction may be ben-
eficial if there is also LV dysfunction, even with 
resorting to intra-aortic balloon pump (IABP) 
when needed. In refractory cases, more aggres-
sive and drastic therapeutic options, such as 

Table 21.4  Treatment of RV MI

• Maintenance of RV preload (volume loading)

• �Reduction of RV afterload (even by resorting to 
IABP, Tandem-Heart, etc.)

• �Inotropic support of dysfunctional RV (dobutamine 
and/or dopamine)

• �Early reperfusion (cornerstone) (PPCI of RCA/
should include major RV branches)

• �Treat reperfusion arrhythmias promptly: e.g. 
cardiovert VT/VF, atropine for bradycardia and 
hypotension (Bezold-Jarisch reflex)

• Avoidance of diuretics and nitrates

• �AV synchrony: cardiovert AF/avoid temporary RV 
apical pacing which produces lack of AV synchrony 
plus iatrogenic dyssynchrony that may lead to 
hypotension/use either AV pacing or atropine or 
isoproterenol to accelerate heart rate/more importantly, 
expedite mechanical reperfusion via PCI that may help 
restore a physiological rhythm and AV synchrony

• �Remember that the optimal LV filling pressure 
(PCWP) needed to restore hemodynamics and 
reverse hypotension for a damaged heart is quite 
different (15–18 mmHg) from that of a normal heart 
(5–12 mmHg)

AF atrial fibrillation, AV atrioventricular, IABP intra-aortic 
balloon pumping, LV left ventricle, MI myocardial infarc-
tion, PCI percutaneous coronary intervention, PCWP pul-
monary capillary wedge pressure, PPCI primary PCI, RV 
right ventricle, VF ventricular fibrillation, VT ventricular 
tachycardia
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Tandem-Heart or percutaneous cardiopulmo-
nary support systems, where and when avail-
able, may be lifesaving [27].

Indeed, hypotension and shock may respond 
to volume repletion and restoration of atrioven-
tricular synchrony (if compromised) and mainte-
nance of a physiologic rhythm. Refractory cases 
usually respond to parenteral inotropes, though in 
some cases mechanical support is required. 
Vasodilators and diuretics should generally be 
avoided. The RV is relatively resistant to infarc-
tion and usually recovers even after prolonged 
occlusion. Acute percutaneous mechanical reper-
fusion enhances recovery of RV performance and 
improves the clinical course and survival of 
patients with RV MI [1].

Indeed, as myocardial reperfusion greatly ben-
efits patients with LV infarction, similarly reperfu-
sion has been demonstrated to favorably affect the 
recovery of RV performance in patients with RV 
MI. In these latter patients, successful mechanical 
reperfusion via primary PCI of the RCA should 
include the major RV branches in order to confer 
complete recovery of RV free wall function. 
Contrariwise, failure to restore flow to the major 
RV branches may be associated with lack of 
recovery of RV performance, even if flow is 
restored in the main RCA. This may further pro-
long hemodynamic compromise with its attendant 
increase in in-hospital mortality. Importantly, 
upon achieving reperfusion, significant bradycar-
dia with hypotension may ensue, as a manifesta-
tion of reperfusion arrhythmias, which could 
respond to administration of atropine [21]. 
However, marked bradycardia may be followed by 
ventricular fibrillation necessitating electrical 
cardioversion.

A concerning and important caveat should be 
added here for a potential deleterious hemody-
namic effect of temporary RV apical pacing in 
patients with RV MI complicated by bradyarrhyth-
mias [28]; apparent lack of AV synchrony during 
RV pacing plus the iatrogenic dyssynchrony that 
this mode of pacing produces may lead to hypo-
tension. Either AV pacing may be attempted to be 
established or one may rely on the temporary 
effect of atropine or isoproterenol if it ever suc-
ceeds to provide some heart rate acceleration, or 

more importantly, one should expedite mechanical 
reperfusion via PCI that may help restore a physi-
ological rhythm and AV synchrony.

Finally, a reminder of cardiac physiology, 
albeit frequently underestimated during hemody-
namic monitoring, relates to the range of LV fill-
ing pressures that are optimal for a damaged 
heart which is quite different from that of a nor-
mal heart. Specifically, a normal range of 
5–12 mmHg of a PCWP does not suffice to main-
tain a normal cardiac output and restore blood 
pressure in a patient who has sustained an MI; 
according to the Frank-Starling principle, an MI 
patient with compromised systolic function and 
hypotension or shock will need a filling pressure 
of 15–18  mmHg to restore hemodynamics and 
achieve normal blood pressure; otherwise one 
may be facing a refractory hypotensive state and 
may be misled in resorting to more aggressive 
modes of therapy [29].

21.12	 �Prognosis

In-hospital mortality up to 31% has been reported 
for IMI with RV MI vs 6% for IMI without RV 
infarction. In the vast majority of survivors, treated 
with primary PCI, hemodynamics and RV dysfunc-
tion return to normal [30]. However, even in the era 
of successful primary PCI, RV MI is still associated 
with high (18%) in-hospital mortality [31].

According to the SHOCK trial registry, RV 
shock patients, despite the younger age, lower 
incidence of anterior MI, and higher prevalence 
of single-vessel coronary artery disease, com-
pared with left ventricular shock patients, and 
their similar benefit from revascularization, had 
unexpectedly an equally high mortality (53% vs 
61%; p = 0.3) [32].

Other studies have suggested that in patients 
with acute IMI complicated by RV MI, depressed 
LV ejection fraction is associated with greater 
hemodynamic compromise and higher in-hospital 
mortality [33]. Furthermore, pre-discharge RV 
systolic dysfunction appears to correlate indepen-
dently with worse long-term prognosis in patients 
after IMI with preserved or slightly impaired LV 
systolic function [34].

21  Myocardial Infarction of the Right Ventricle



388

�Conclusion

The significant hemodynamic effects of RV 
systolic dysfunction have been amply recog-
nized, particularly with the description of the 
clinical and hemodynamic consequences of 
severe RV myocardial infarction (MI). RV MI 
usually occurs in the setting of an IMI when 
the acute occlusion of the RCA is located 
proximally to the acute RV marginal branches 
which commonly provide blood supply to the 
RV. RV MI resulting in severe right heart fail-
ure will present with the clinical triad of low-
output hypotension, clear lungs, and jugular 
venous distention despite intact global LV sys-
tolic function. The ECG provides further con-
firmation by examining the right precordial 
leads, V1 and more specifically V4R display-
ing ST elevation. Fluid resuscitation and/or 
vasopressors may be the most important initial 
management; however more definitive treat-
ment is prompt mechanical, if possible, reper-
fusion therapy with primary PCI.
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Pulmonary Disease and Right 
Ventricular Function
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Abstract

Respiratory diseases have become major play-
ers in mortality and morbidity charts and their 
influence on cardiac function has brought 
them in research focus, especially when inves-
tigating their role on the pathobiology of the 
less well understood right ventricle. By insult-
ing pulmonary vasculature it leads to micro 
and macrovessel injury which results in pul-
monary hypertension, increased right 
ventricle afterload along with its conse-
quences—right ventricle hypertrophy and 
dilation. From the initial physical stimuli of 
hypoxia, translated by the vessel wall cells 
into a biological response of vasoconstriction 
and remodeling, pulmonary hypertension 
develops in a process modulated by the endo-
thelium and many other epigenetic factors. 
Pulmonary hypertension is rarely severe when 
associated purely with chronic lung disease 
but carries a poor prognosis nevertheless, 
especially when associating right ventricle 
dysfunction. The primary diagnostic tools 
remain the echocardiography parameters gen-
erally used in all forms of the disorder and 
invasive procedures are infrequently neces-
sary for evaluation. Unfortunately, this class 
of pulmonary hypertension shares much of the 

prognosis and complications with other 
groups of the, disorder, but less of the thera-
peutic arsenal which has become more 
recently available in the latter.

Keywords

Chronic lung disease · Hypoxia-induced pul-
monary vasoconstriction · Right ventricle dys-
function in respiratory disease

22.1	 �Background

Cardiovascular diseases have become the leading 
cause of mortality in developed worlds and this 
led to an era when cardiology has developed to 
become left ventricle focused. Much less impor-
tance has been given to its younger brother, the 
right ventricle. However, there are four respira-
tory disease categories in the global top ten 
causes of mortality (lower respiratory infections, 
chronic obstructive pulmonary disease, tubercu-
losis, trachea/bronchus/lung cancer) and together 
they account for one in six deaths and one in ten 
disability-adjusted life-years lost [1]. Pulmonary 
diseases, such as lower respiratory infections and 
chronic obstructive pulmonary disease, are 
reported as the third and fourth causes of mortal-
ity worldwide [1]. Chronic hypoxemia and dis-
ruption of pulmonary vascular beds, as 
consequences of lung diseases, lead to right 
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ventricle dysfunction through a series of patho-
physiological cardiopulmonary mechanisms, the 
understanding of which has become available 
and increased substantially since its first descrip-
tion by Laennec over 200 years ago. The past 
decades have brought much insight into a more 
accurate description of pathophysiological mech-
anisms underlying the development of right heart 
disease as a result of chronic pulmonary 
diseases.

22.1.1	 �The Importance of the Right 
Ventricle

The circulatory system is a closed one, with both 
ventricles acting as interdependent chambers 
each affecting the other’s performance. As the 
most common cardiac diseases affect primarily 
the left ventricle (LV), the importance of the 
other has been neglected initially. It is obviously 
less frequently involved in diseases of epidemic 
proportions, and thus little interest has been given 
to the mechanisms underlying right ventricular 
(RV) dysfunction, its detection and evaluation, or 
to the specific molecular and cellular mecha-
nisms contributing to failure of maintenance of 
normal right ventricular function [2, 3]. This lack 
of devotion to research was probably a conse-
quence of the study by Starr et al. who concluded 
that as long as normal lung function is ensured, 
normal RV function is unnecessary for circula-
tory stability [4], and the RV ventricle was, at the 
time, seen as a passive conduit pumping blood to 
only one organ, the lungs. Over three decades 
ago, right ventricular dysfunction emerged as a 
negative prognostic indicator, being associated 
with increased mortality and reduced exercise 
capacity in patients with heart failure [5–8]. More 
recently, right heart dysfunction was shown to be 
associated with increased mortality in preserved 
ejection fraction heart failure patients [9]. 
Currently, it has become broadly known that the 
right ventricle is deleteriously influenced by, but 
also contributes to, several disease processes, 
pulmonary hypertension (PH) being the foremost 
of all, as it develops in the setting of a variety of 
lung or pulmonary vascular diseases. Right 

ventricular dysfunction is a rather heterogeneous 
syndrome, recognizing varied etiologies, each 
with different therapeutic options. In the case of 
chronic lung diseases, chronic hypoxia, in a 
pathophysiological cascade, leads to the develop-
ment of PH, eventually altering RV morphology 
and function. Pulmonary hypertension in the set-
ting of chronic hypoxemia is the third of the main 
groups, according to the Clinical Classification 
of Pulmonary Hypertension adopted first in 1998 
(the Evian-Venice classification), updated later in 
2008 (Dana Point) and 2013 (Nice). This classifi-
cation brings together different manifestations of 
the disease, sharing similarities in pathophysio-
logic mechanisms, clinical presentation, and 
therapeutic approaches [10].

22.1.2	 �The Right Ventricle 
and Pulmonary Hypertension

The RV is the most anterior positioned chamber 
of the heart, located immediately behind the 
sternum, anterior to the left ventricle, curving 
over it and marking the inferior border of the 
cardiac silhouette in the normal posteroanterior 
view of a normal chest X-ray examination. It is 
delimited by the annulus of the tricuspid valve 
and by the pulmonary valve. Compared to its 
left counterpart, bearing a concentric ellipsoidal 
shape, the right ventricle has a rather complex 
shape, mostly pyramidal, with a triangular shape 
when viewed from the front, and a crescent-like 
cavity in cross section view [11]. Its muscular 
mass is only one sixth of that of the left ventri-
cle, while they are held together by spiraling 
muscle bundles encircling them to form a single 
unit [12]. Deeper from these superficial circular 
fibers, there are longitudinal fibers which run 
from the apex to the base of the heart and shorten 
to become the major contributor of RV contrac-
tion, along with the inward motion of the RV 
free wall and the traction exerted by the LV 
contraction.

The RV has a thinner free wall (3–4  mm in 
end-diastole), operates at volumes slightly greater 
than the LV, and has greater chamber distensibil-
ity [13]. The interventricular septum is thicker 
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and accounts for a significant part of RV systolic 
function [14]. It normally remains concave 
toward the LV throughout the whole cardiac 
cycle. The thin-walled ventricle is designed to 
accommodate the entire systemic venous return 
and further pump it, for gas exchange, into the 
pulmonary circulation, a high-flow low-pressure 
system [15]. It thus ejects the same stroke volume 
as the LV but against a lower resistance, thus the 
necessary stroke work is decreased to a 1/6 of 
that of the LV [14]. With a greater end-diastolic 
volume than the one of the LV, and with a similar 
stroke volume, RV ejection fraction is slightly 
less than that of the LV. In the case of wide flow 
fluctuations, the lung adapts by recruiting previ-
ously nonperfused vessels from its superior por-
tions, and by distention in the rest of its capillary 
bed, while the highly complaint RV dilates, 
working together to maintain low-pressures even 
with large changes in RV output [4]. As RV after-
load is low under normal resting conditions, 
blood flows from the RV into the pulmonary cir-
culation during systole and early diastole, leading 
to the absence of isovolumetric relaxation [16]. 
The RV cannot easily handle large or rapid 
increases in afterload. There are, nevertheless, 
mechanisms through which it can adapt its sys-
tolic function to preserve ventriculo-arterial cou-
pling and preservation of flow output. In the case 
of an acute rise in pulmonary artery pressure 
(PAP), the RV increases its systolic force both 
through a dimensional beat-to-beat adaptation 
(Starling’s law), and over the first 5–10  min 
through the slow force response (Anrep’s Law) 
which leads to increased myocardial contractility 
[17]. When adaptation mechanisms are over-
whelmed, in case of either volume overload or 
pressure overload, RV dilates and dysfunction 
occurs, eventually leading to decreased cardiac 
output and systemic congestion. In the case of 
chronically evolving increased afterload condi-
tions, i.e. pulmonary hypertension, the RV adapts 
by progressive hypertrophy, a response which 
allows the maintenance of cardiac output over 
time, up to the point of end-stage disease when 
dilation occurs along with the same decreased 
cardiac output and systemic congestion as 
described above [18].

22.2	 �Pathophysiology 
of Pulmonary Hypertension 
in Chronic Lung Disease

In the setting of diffuse lung diseases or other 
conditions causing hypoxemia, pre-capillary pul-
monary hypertension develops through a series 
of mechanisms which will further be detailed, 
and is classified as Group 3 pulmonary hyperten-
sion according to the World Health Organization 
updated classification.

This group comprises several pathologies—
chronic obstructive pulmonary disease (COPD), 
interstitial lung disease (ILD), other pulmonary 
diseases with mixed restrictive and obstructive 
pattern (i.e. combined pulmonary fibrosis and 
emphysema), sleep-disordered breathing, alveo-
lar hypoventilation disorders, chronic exposure 
to high altitude, developmental lung diseases 
[10]. However, the mechanisms leading to PH 
and secondary RV dysfunction have been mostly 
investigated in COPD patients and individuals 
subjected to high altitudes. The mechanism of 
PH in patients with interstitial lung fibrosis (ILF) 
or sleep disordered breathing (SDB) is presumed 
to generally share the same major mechanisms, 
especially considering that in many cases such 
diseases overlap with COPD.  Currently, the 
strongest evidence points towards hypoxic pul-
monary vasoconstriction (HPV) and consequent 
remodeling of the lung vascular bed as the lead-
ing etiologies in Group 3 PH.  However, more 
data has accumulated to sustain that other 
disease-specific mechanisms may likely be 
involved in addition to those, but, eventually, all 
these concert together leading to irreversible arte-
rial narrowing.

The idea that chronic hypoxia is necessary 
and sufficient alone to induce both rapid and sig-
nificant changes in human pulmonary arteries is 
fairly supported by a 30 years old study 
“Operation Everest II” which simulated a 40 
days climb on Mount Everest—a gradual decom-
pression to the Everest summit equivalent. 
Healthy volunteers showed increased PAPs on 
right heart catheterization (RHC) at rest and on 
exercise, compared to those obtained in response 
to acute hypoxia before “the climb”. The lack of 
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vasodilator response to acute administration of 
100% oxygen further pointed to an already 
occurring structural remodeling in the vascular 
bed [19].

As described below, mediators derived from 
the pulmonary vascular endothelium act as either 
brakes in the setting of PH (i.e. nitric oxide, pros-
tacyclin) or as facilitators (endothelin-1). They 
have an obviously significant physiological effect 
on hypoxia-induced vasoconstriction without, 
however, having an effect on the initiation of the 
primary response. It has remained somewhat 
controversial whether the endothelium is neces-
sary for HPV to occur, as there are fairly old stud-
ies evaluating HPV after endothelial removal 
showing both the abolishment [20] and the 
enhancement of the HPV response [21]. Its role 
in modulation is nevertheless well established. 
So far, most of research has been carried out 
mostly on animals, with much less evidence in 
humans, which may cast some doubt on the 
applicability of some of those findings in clinical 
practice.

22.2.1	 �Initiation of Hypoxia-Induced 
Pulmonary Vasoconstriction

It appears that HPV is the primary mechanism to 
elevate pulmonary vascular resistance (PVR), 
and thus PAP, in hypoxic conditions. Following 
this, other pathways—activation of pressure-
independent hypoxia-sensitive inflammatory and 
proliferative pathways, may contribute to sus-
tained PVR elevation and vascular remodeling 
[2, 3]. The latter has an early onset, a few hours 
apart from the initiating hypoxic event, with the 
increased gene transcription of collagen and 
growth factors [22].

Under normal conditions, HPV occurs as a 
physiological process, at different degrees and at 
different sites, in order to optimize ventilation-
perfusion matching throughout the entire lung 
parenchyma and to optimize gas exchange [23]. 
This vasoconstriction by the pulmonary vascula-
ture is a reflex contraction of vascular smooth 
muscle as a response to a decreased regional par-
tial pressure of oxygen in a rapid breath-to-breath 

manner [24]. This hemodynamic feature is a fun-
damental physiological difference from the sys-
temic circulation, which reacts to hypoxemia 
through vasodilation. In the isolated, buffer-
perfused lung, HPV starts at a partial pressure of 
oxygen <100 mmHg [24, 25], and its effect is the 
regional redistribution of blood flow from poorly-
ventilated lung regions to well-ventilated ones, 
thus leading to an increase in overall efficiency of 
gas exchange. When occurring in response to 
environmental hypoxia, HPV is global, but, in 
clinical practice, may be associated more fre-
quently with localized ventilation-perfusion dis-
turbances (atelectasis, pneumonia).

There is a series of factors influencing HPV: 
age, as HPV is more intensified in fetal and neo-
natal circulations, serum pH and presence of 
hypercapnia (possibly augmenting HPV, but 
effects are variable among species), tempera-
ture, and even iron availability as described fur-
ther on [26].

HPV involves several interacting mechanisms, 
which differ in the case of an acute immediate 
reaction versus a more sustained one. The effec-
tor cell for this phenomenon is the pulmonary 
artery smooth muscle cell (PASMC). This is 
located along the entire pulmonary arterial bed, 
from the large arteries to the small arterioles [27]. 
The sensor for hypoxia lies within the PASMC 
mitochondria [28, 29]. The major oxygen-sensing 
mechanism is the hypoxia-inducible factor path-
way [30]. There has been controversy on whether 
hypoxia leads to an increase or fall in ROS/
hydrogen peroxide levels. Studies have found 
that hypoxia is associated with high ROS levels 
[31, 32], but they are in disagreement with find-
ings showing it be a reduced stated with low ROS 
levels [33, 34]. There is agreement, however, that 
the mitochondrial redox signal involving a coor-
dinated response from voltage- and redox-
sensitive K and Ca channels triggers the initiation 
of HPV [34].

The HPV response comes in two phases. 
Acute hypoxia is followed by a rapid (in a few 
seconds), transient vasoconstriction and second-
ary increase in pulmonary artery pressure, lasting 
for up to 10–15 min, followed by a slower devel-
oping, but sustained vasoconstriction lasting as 
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long as hypoxia is present [35, 36]. In case of 
moderate sustained hypoxia (pO2 30–50 mmHg, 
30–60 min), this second phase begins and contin-
ues to raise PVR, reaching a peak at 2  h. 
Furthermore, if this second phase is triggered, the 
return to baseline vascular tone once normoxia is 
reached does not occur immediately [36]. In case 
acute hypoxia occurs on top of several hours of 
sustained hypoxia, the vascular response is con-
siderably enhanced [37].

The underlying mechanisms of the two phases 
share a common pathway—contraction occurs 
when intracellular calcium concentration is 
increased by the hypoxic induced inhibition of 
voltage-gated potassium channel α subunits of 
PASMCs [38], which leads to membrane depo-
larization and: (1) calcium influx through L-type 
calcium channels; (2) release of calcium from the 
sarcoplasmic reticulum with further influx of cal-
cium through store-operated calcium channels, 
receptor-operated calcium channels and transient 
receptor potential channel 6; (3) increased sensi-
tivity of actin/myosin to any particular level of 
calcium, mediated by increased activity of Rho 
kinase [34]; but they also differ, in that the second 
(sustained) phase is dependent on RhoA/Rho 
kinase mediated Ca sensitization [35].

22.2.2	 �Modulation of Hypoxia-
Induced Pulmonary 
Vasoconstriction

Modulation refers to processes that influence the 
evolution of the primary mechanism but are not 
crucial to its initiation or cessation [23]. Both 
intrinsic and extrinsic mechanisms balance each 
other in their alteration of the initial process.

22.2.2.1	 �Epigenetic Modulation 
of Hypoxia-Induced 
Pulmonary Vasoconstriction

Oxygen-sensing mechanisms are responsible for 
maintaining tissue homeostasis. In case of 
chronic hypoxia such mechanisms respond to 
alter metabolism in a manner that helps cells 
adapt to the low oxygen environment [30]. The 
primary oxygen-sensing mechanism within the 

cell is the hypoxia-inducible factor (HIF) path-
way, and it plays a major role in hypoxia-induced 
pulmonary hypertension [39]. The cellular 
response to hypoxia is controlled by HIFs, DNA-
binding transcription factors which alter the 
expression of over 1000 genes in the process of 
adaptation to hypoxia [40]. There are three mem-
bers of the HIF family and each consists of an 
oxygen-sensitive α-subunit and a constitutively 
expressed β-subunit. In normoxic conditions 
HIFα is degraded through hydroxylation medi-
ated by prolyl hydroxylases (PHD 1–3) in an 
oxygen, iron, 2-oxoglutarate, and ascorbate 
dependent activity. After hydroxylation, HIFα is 
bound by the von Hippel-Lindau (VHL) protein, 
which marks it for subsequent degradation. In 
hypoxic conditions, the prolyl hydroxylases 1–3 
are lacking their oxygen substrate, cannot 
hydroxylate and degrade HIFα, and thus allow 
them to accumulate in the nucleus and activate 
their target genes [30]. The following steps in 
promoting tolerance to hypoxia include the meta-
bolic shift from oxidative phosphorylation to gly-
colysis, promotion of angiogenesis by stimulating 
secretion of vascular endothelial growth factor 
(VEGF), increase in hematocrit by stimulation of 
erythropoietin production [41].

The role of HIFα subunits in promotion of PH 
has been suggested by both animal and human 
studies. First, in mouse models exposed to 
chronic hypoxia: (1) the heterozygous deficiency 
of HIF-1α or HIF-2α was associated with devel-
opment of an attenuated PH with low increase in 
RV pressure and RV hypertrophy; (2) the pres-
ence of hetero- or homozygous mutations in sta-
bilizing HIF-2α was associated with spontaneous 
development of PH [39]. In a study subjecting 
two strains of rats (one with known physiological 
attenuated vasoconstrictive response to acute 
hypoxia) to identical hypoxic hypobaric condi-
tions, HIF-1 activity and HIF-mediated protein 
expression were elevated in the “resistant” strain 
[42].

Secondly, genetic studies carried on specific 
human populations adapted to high altitudes 
proved the role of HIF-2α in PH pathophysiol-
ogy. A study, comparing indigenous highlanders 
of the Tibetan Plateau with lowland Han, carried 
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out genome-wide allelic differentiation scanning 
and found a genome-wide significant divergence 
across eight SNPs located near the gene encoding 
HIF-2α, probably a natural selection process in a 
population living at high altitudes over thousands 
of years, which leads to reduced erythropoiesis 
and attenuated PH at high altitudes [43]. Another 
genetic mechanism for Tibetan high-altitude 
adaptation was described in the high-frequency 
missense mutation of the EGLN1 gene encoding 
PHD2, once again explaining adaptive low hemo-
globin levels in this population [44].

Another population in whom genetic studies 
brought significant insight into the role of HIFs 
in the physiopathology of PH is the Chuvash 
population with its endemic Chuvash polycy-
themia, a disease associating early onset severe 
PH, dramatically increased erythropoietin lev-
els with secondary polycythemia and high 
VEGF and ET-1 expression as a result of HIFα 
metabolism alteration. It is caused by loss of 
function mutations in the von Hippel-Lindau 
protein responsible for HIF marking for degra-
dation [45].

In COPD patients HIF-1α levels were found to 
be elevated in serum and lung tissue, and they 
were positively correlated with the severity of 
airflow limitation [46]. Cigarette smoking, the 
major risk factor for the development of COPD, 
involved in lung cellular stress and small airway 
remodeling, was found to induce concentration- 
and time-dependent accumulation of HIF-1α 
even under non-hypoxic conditions [47].

22.2.2.2	 �Endothelium Derived 
Modulation

Similarly to other locations, the endothelium is 
responsible for the paracrine modulation of 
smooth muscle contraction as it generates several 
vasoactive mediators acting on smooth muscle 
cells, balancing vasoconstriction with vasodila-
tion to establish the low basal vascular tone of the 
pulmonary circulation, affecting contraction, 
migration and cell proliferation. Endothelial dys-
function has been described in all forms of pul-
monary hypertension and eventually can alter 
vascular remodeling in its interaction with 

fibroblasts, coagulation factors, and the subse-
quent inflammatory process [48].

In healthy individuals, pulmonary vascular 
tone is the result of interaction between several 
vasoconstrictors (thromboxane A2, endothelin-1, 
serotonin) and vasodilators (nitric oxide, prosta-
cyclin) [49]. The normal lung endothelium is dif-
ferent in ultrastructure and function from 
systemic endothelium, and has a significant het-
erogeneity itself [50]. Endothelial cells in pulmo-
nary vessels are the first to sense hypoxic stress 
and react through the secretion of vasoactive 
mediators.

Nitric oxide is a locally produced potent 
vasodilator that inhibits smooth muscle tone, 
proliferation and migration. It is found in the 
lungs in all its three isoforms, and its high con-
centration in the upper and lower airways also 
affect pulmonary vascular tone [51]. Its role in 
vascular tone regulation has been evident in sev-
eral animal studies, but there has been little evi-
dence from human studies to support a significant 
contribution of hypoxic-inhibition of NO syn-
thesis in PH [52]. Even if it has been considered 
that NO may contribute only marginally in the 
PA tone and PVR in conditions of normoxia, the 
inhibition of endothelial NO synthase (eNOS) 
potentiates HPV in preparations where flow is 
present, thus suggesting its relation to shear 
stress [52]. Furthermore, in patients with COPD, 
eNOS expression is downregulated and eNOS 
activation is inhibited, mechanisms which are 
thought to underlie the reduction in NO in these 
patients [53].

Prostacyclin (PGI2) is a naturally occurring 
prostaglandin synthetized from cyclooxygenase 
via the arachidonic pathway in the vascular endo-
thelium. Along with NO, PCI2 inhibits platelet 
proliferation and aggregation [54]. It has a lesser 
role in vasodilation in normoxia, and rather pro-
tects against hypoxia-induced vasoconstriction 
[48, 54]. Its low levels in patients with PH explain 
its role in the modulation of HPV.  The enzyme 
responsible for PGI2 production, prostacyclin syn-
thase, is deficient in the pulmonary endothelium of 
patients with severe PH, and was found to be 
markedly diminished in patients with COPD [55]. 
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Its role in pathogenesis is most evident from its 
clinical use in severe and deteriorating PH, how-
ever this is mostly limited to Group 1 PH.

Thromboxane A2 shares the same production 
pathway as PGI2 and similar vasoconstrictive 
effects. In primary PH, it has an increased pro-
duction [56] and an elevated expression of recep-
tors [57], which suggested initially a possibility 
for the development of a novel therapeutic target. 
However, studies using thromboxane A2 inhibi-
tor have not been, so far, conclusive [58].

Endothelin-1 (ET-1), is a potent vasoconstric-
tor peptide widely distributed in the human endo-
thelium. Its expression is elevated in PH both in 
animal and human studies [59–61]. Its effects are 
mediated through two types of receptors: ETA 
and ETB. It leads to vasoconstriction when act-
ing on ETA and ETB receptors on smooth muscle 
cells, and vasodilation when acting on ETB 
receptors on endothelial cells to release NO and 
prostanoids, thus having a significant, but non-
specific, potentiating effect on HPV [52]. It has 
proven its role by the very effective clinical use in 
Group 1 PH, beneficial in Group 4 and 5, although 
rather detrimental in Group 2 and 3 PH.

Serotonin, a neuronal vasoconstriction media-
tor, promotes smooth muscle cell proliferation, 
PA vasoconstriction and local formation of 
microthrombosis [62]. In SMC it generates vaso-
constriction by activating mitogen-activated pro-
tein kinase and Rho-kinases and enhancing the 
formation of serotonin dependent reactive oxy-
gen species. It represents the substrate on which 
anorexigenics act to induce PH [62]. In patients 
with PH, several mechanisms in the serotonin 
pathway have been described to explain its role in 
vasoconstriction: (1) hyperactivity of SERT 
(serotonin transporter protein); (2) hyper-
expression of the tryptophan hydroxylase 1 
(TPH1) gene responsible for serotonin synthesis; 
(3) increased serotonin plasma concentrations; 
(4) increased production from endothelial cells, 
or (5) abnormal storage in platelets [49].

The Vascular Endothelial Growth Factor is a 
protein signaling angio- and vasculogenesis, pro-
cesses through which it plays an important role in 
promoting survival in low-oxygen conditions 

[30]. In PH, both endothelial cells and platelets 
express high levels of VEGF. Its blockade results 
in PH, while its overexpression was shown to be 
protective against the disease [63, 64], an effect 
which may be mediated through the release of 
NO and PGI2  in a similar way as in the aortic 
endothelium.

22.2.2.3	 �Other Mechanisms 
of Hypoxia-Induced 
Pulmonary Vasoconstriction 
Modulation

There is an increase in pulmonary vascular pres-
sure seen when hematocrit levels rise with alti-
tude as a result mainly of higher blood viscosity. 
There has been no evidence of significant deform-
ability changes influencing HPV. There are how-
ever erythrocyte-mediated PVR changes which 
balance vascular tone: (1) endothelial cell NO 
scavenging by oxyhemoglobin and ROS genera-
tion by hypoxic erythrocytes, thus enhancing 
vasoconstriction versus (2) NO generation, either 
directly by eNOS expressed on erythrocytes, or 
via hemoglobin desaturation, which favors vaso-
dilation [40].

Neuromodulation of HPV is carried out 
through both sympathetic and parasympathetic 
fibers which act together to alter vascular tone. 
The alpha-1 adrenergic stimulation by norepi-
nephrine is opposed by the release of neuropep-
tide Y and vasoactive intestinal peptide, and by 
the NO-dependent parasympathetic innerva-
tion. The neuromodulatory effect is influenced 
by signals from peripheral chemoreceptors 
(loss of such input leading to increased HPV), 
and by input via the vagus nerve (vagotomy 
reduces HPV) [40]. There has been discrepancy 
on the actual influence of neurohumoral com-
ponent of HPV, but this mediation has been less 
studied so far.

There are individuals with an increased sus-
ceptibility to pulmonary hypertension or high 
altitude pulmonary edema in whom the HPV 
response is more evident [40]. Serum pH and 
presence of hypo or hypercapnia also modulate 
HPV, however studies have had conflicting 
results [65].
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22.2.3	 �Role of Hypoxia-Induced 
Pulmonary Vasoconstriction 
in Respiratory Disease 
and Clinical Significance

The undebated relevance of HPV in clinical prac-
tice is in thoracic surgery patients receiving 
single-lung anesthesia when induction of hypoxia 
in the target lung (non-ventilated) leads to dimin-
ished perfusion, thus minimizing shunt and sys-
temic hypoxemia, and excessive bleeding [66].

The role of HPV in clinical practice is to opti-
mize systemic oxygenation by reducing 
ventilation-perfusion mismatch and shunting. In 
the acute setting of atelectasis or pneumonia or 
other acute lung injury its protective effect is ben-
eficial and HPV remits once the pathogenic state 
resolves.

In the case of chronic respiratory disease 
states, the role of HPV is emphasized by the 
response to oxygen therapy. In stable asthma 
patients or status asthmaticus requiring mechani-
cal ventilation, and in COPD patients, breathing 
100% oxygen worsens matching and increases 
shunt [26]. In COPD patients the inhibition of 
HPV by a calcium channel blocker causes oxy-
genation deterioration [23]. This proves the 
dependency of COPD patients on HPV to ensure 
adequate matching. When high levels of inspired 
oxygen are administered, HPV in poor ventilated 
regions decreases, shunt is increased, and this 
may further lead to an increase in arterial partial 
pressure of CO2, especially if the patient is not 
awake to compensate by increasing ventilation 
[26]. Despite all this, long-term (>15 h/day) oxy-
gen therapy improves survival and pulmonary 
hemodynamics in COPD patients with severe 
resting chronic hypoxemia, but not in those with 
stable COPD and resting or exercise-induced 
moderate arterial oxygen desaturation [67].

Group 3 PH includes however a diversity of 
diseases and it appears that the case is different 
for fibrotic lung diseases. Several studies have 
proven that there is no significant vasodilator 
response, or difference in matching, with the 
administration of 100% oxygen, and further-
more, there is no improvement in survival with 
oxygen therapy, thus showing less support for the 

contribution of HPV in PH in these pathological 
states [40].

As described previously, endothelium-derived 
mediators of HPV response have been investi-
gated in all spectrum of PH, including in that sec-
ondary to chronic lung disease. Up to this point, 
evidence points toward a more significant vaso-
constrictive pattern of effect and the use of such 
findings has been explored, as most mediators 
have become treatment targets in PH during the 
past decades. Unfortunately, their use in Group 3 
PH has been proven as either lacking benefit, or, 
in fact, detrimental.

22.2.4	 �Endothelial Dysfunction: 
Inflammatory Changes 
and Vascular Remodeling

In chronic lung diseases, such as COPD or 
asthma, which are characterized by a significant 
inflammatory state, the endothelium is the 
medium through which inflammatory cells 
migrate to cause cell damage. Endothelial dys-
function appears to develop early in the disease 
process as it was reported being already present 
in the pulmonary arteries from patients with mild 
COPD [68]. Endothelial dysfunction is associ-
ated with severity of COPD, is related to forced 
expiratory volume in one second, and to clinical 
outcomes and prognosis [69].

The past decades have brought insight into the 
major role endothelial dysfunction plays in the 
pulmonary circulation compromise and altera-
tion, mainly by shifting the balance towards more 
cell growth and proliferation, vasoconstriction 
and platelet adhesion, with intensive clustering of 
inflammatory cells in perivascular spaces [70].

Endothelial apoptosis has been proposed as 
the primary mechanism leading to emphysema. 
Studies in COPD patients have investigated the 
underlying processes and it was found that VEGF 
secretion, Cystic Fibrosis Transmembrane 
Regulator, and alpha-1 antitrypsin deficiency 
may lead to endothelial cell death induced 
emphysema [69].

Transendothelial migration, or diapedesis, 
refers to the process by which inflammatory cells 
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pass through the endothelial layer to reach the 
target tissue at the site of inflammation in an 
orchestrated dialogue between leukocytes and 
endothelial cells using signaling molecules [71]. 
In the case of chronic diseases with an important 
inflammatory component, such as COPD and 
asthma, findings have shown that diapedesis is 
upregulated, along with an increase in levels of 
many of the endothelium adhesion molecules, 
which suggests an important role in the develop-
ment of inflammation, remodeling, and patho-
genesis of airway obstruction. As both clinical 
settings associate endothelial dysfunction, this 
probably augments the expression of cell adhe-
sion molecules [72].

In a study carried out by Oelsner et  al. on 
seven cohorts, gathering little over 26,000 
patients with COPD, serum levels of intercellular 
adhesion molecule 1 (ICAM-1), ET-1 and 
P-selectin were inversely related to lung function 
[73]. Among the 1,865 participants in the Multi-
Ethnic Study of Atherosclerosis, higher levels of 
serum ICAM-1 were independently associated 
with progression of emphysema [74]. An older 
comparative study between COPD patients and 
controls found significantly increased levels of 
circulating ICAM-1 in the serum and in the bron-
chial lavage of COPD patients, along with higher 
levels of serum circulating E-selectin. The latter 
also correlated significantly with the forced expi-
ratory volume in one second [75].

Levels of circulating adhesion molecules are 
increased in both allergic and non-allergic asthma 
patients, proving the activation of endothelial 
cells [76]. ICAM-1 mediated inflammation is 
present in asthma patients and its use as a thera-
peutic target has been proposed for controlling 
asthma [77]. Leucocyte infiltration to the site of 
inflammation was shown to be partially regulated 
by the expression of ICAM-1, vascular cell adhe-
sion molecule 1 (VCAM-1), and E-selectin in a 
study employing human bronchial tissue from 
patients undergoing lung cancer surgery which 
had been previously passively sensitized with 
serum from atopic asthma patients [78].

Much less investigation has been carried out 
in patients with other pulmonary diseases to 
search for endothelial dysfunction. Scarce data 

shows that early inflammatory markers and sig-
nal molecules, and cytokines may be increased 
and involved in the pathophysiology of other 
respiratory diseases such as idiopathic pulmo-
nary fibrosis [79], obstructive sleep apnea (OSA) 
[80], combined pulmonary fibrosis and emphy-
sema (CPFE) [81].

The breakthrough discovery of the HIF 
(hypoxia-induced factor) family of proteins has 
closed the gap between the two major mecha-
nisms leading to hypoxia-induced pulmonary 
hypertension: hypoxia-induced vasoconstriction, 
as an initial local response of lung vasculature to 
a physical stimuli, and vascular remodeling, as 
long term structural and functional vascular 
changes with variable degrees of reversibility. As 
hypoxia occurs, HIF proteins target and activate 
genes involved both in all levels of modulation of 
vasoconstriction, and in the inflammatory 
changes leading to vascular remodeling [30].

Under chronic hypoxic conditions, smooth 
muscle cells go through a process of phenotypic 
modulation to differentiate from a contractile to a 
synthetic phenotype [39]. Changes occur at all 
levels of the vascular bed, but animal models 
have shown that the degree and modulation of 
change differs among species. In the large PAs, 
the media and adventitia become thickened, as 
matrix proteins (collagen and elastin) markedly 
accumulate secondary to the activation of intra-
cellular signaling pathways in the now 
proliferative-prone smooth muscle cell popula-
tions [82]. These cells become hypertrophied, the 
main mechanism involved in medial thickening 
in humans [70]. The primary site of hypoxic pul-
monary vasoconstriction is however at the level 
of the distal muscular pulmonary arteries. The 
results again differ according to the studied spe-
cies, but in human SMC greater proliferative 
responses to mitogens were reported. In nonmus-
cular alveolar wall vessels there is a most charac-
teristic “muscularization” of vascular segments 
which lack, under normal conditions, a muscular 
component, thus deeming them structurally resis-
tant. Cells become hypertrophied, hyperplasic, 
and loose contractility and migration, increasing 
wall thickness [82]. A variable degree of destruc-
tion of vascular bed is present in emphysematous 
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and fibrotic areas [49]. These changes have been 
described even at the early stage of COPD, and in 
non-COPD smokers [83]. In end-stage COPD 
they were shown to correlate with the severity of 
PH, and in these cases even plexiform lesions 
were observed—the hallmark of severe PH [84].

In the intricate play of endothelial dysfunction 
in pulmonary hypertension, endothelial progeni-
tor cells (EPCs) were shown to play a role in vas-
culogenesis, vascular repair and regeneration by 
their capacity to infiltrate the vascular wall and to 
secrete vasoactive factors [85]. EPCs mobilize 
from the bone marrow, circulate in the blood 
stream and have the ability to home on sites of 
vascular injury and restore endothelial integrity. 
Research on EPCs in PH has so far proved their 
role in attenuating primary hypertension and has 
reached as far as investigating tolerability and 
efficacy of eNOS gene-enhanced progenitor cell 
therapy in what was a first in man phase 1 clinical 
trial for PAH patients [86]. In hypoxia-induced 
PH, EPCs were shown to contribute to pulmonary 
vessel remodeling, however chronic hypoxia was 
reported to significantly alter their phenotype, 
impairing their capacity to migrate, adhere and 
augment neovascularization in injured sites[87].

22.2.5	 �The Altered Vascular 
Structure: From Bad to Worse, 
or to Adaptation

From studies of pulmonary artery hypertension 
in congenital heart disease findings have pointed 
to the role of increased hemodynamic shear stress 
as a modulator of vascular remodeling and PH. In 
the development of PH as a consequence of 
hypoxia and inflammatory vascular remodeling, 
the already narrowed pulmonary circulation, 
must accommodate the same blood volume 
which increases vessel wall shear stress, which 
will augment resistance and PH [88].

Regardless of the initial stimuli, once the 
structural changes specific to PH have developed 
they further progress to remodeling, described 
above, and rarefaction. The latter refers to the 
reduction in numbers of blood vessels in a similar 
way as it occurs in systemic arterial hypertension 

[89], and it has been long described in both ani-
mal and human models of pulmonary hyperten-
sion. As opposed to the systemic circulation, 
initial studies of the pulmonary vascular bed did 
not find significant evidence of a counteraction to 
this phenomenon by increased angiogenesis, and 
thus, it has been hypothesized that rarefaction 
plays a major role in the structural development 
of hypoxic PH [88]. More recently though, the 
employment of new stereological techniques in 
animal studies successfully identified hypoxia-
induced angiogenesis in the adult pulmonary cir-
culation as an important adaptation mechanism 
[90] and showed that inhibitors of angiogenesis 
aggravate PH, further supporting the concept of 
hypoxic induced new vessel formation in the 
lung [91]. The role of such findings in human 
models remains less explored.

22.2.6	 �Other Disease-Specific 
Mechanisms

22.2.6.1	 �Obstructive Sleep Apnea
During episodes of hypopnea or apnea, the 
decrease in systemic oxygenation triggers the 
adaptive mechanisms of hypoxia-induced vaso-
constriction, which makes OSA share the same 
major mechanisms of PH development with other 
hypoxemic disorders. However, considering the 
hypoxic events develop mostly during sleep and 
their episodic occurrence, a causative link 
between such events and the persistent diurnal 
increase of PAP has been questioned [92]. There 
is proof from animal studies that short, but recur-
ring, hypoxemia over a few weeks is enough to 
determine muscularization of distal pulmonary 
arteries, pulmonary arterial remodeling and RV 
hypertrophy [93]. Obviously, the same cannot be 
blindly ascertained in humans, and the fact that 
OSA is frequently associated with obesity and 
other chronic or heart disorders makes “pure” 
OSA studies difficult to perform. However, some 
evidence has built up to show that sleep related 
hypoxemic events are the most probable drive of 
PH in this patient category, and that CPAP ther-
apy has a favorable effect on pulmonary hemody-
namics [92]. The characteristic mechanisms of 
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OSA induced diurnal persistent PH described so 
far are: (1) repeated hypoxia induced 
vasoconstriction; (2) wild swings in intrathoracic 
pressure during sleep; (3) sympathetic overstim-
ulation during apnea/hypopnea episodes leading 
to systemic hypertension, and cardiac arrhyth-
mias which further result in left heart disease and 
secondary PH (Group 2). Considering systemic 
arterial hypertension is more prevalent in OSA 
that pulmonary hypertension, this latter mecha-
nism might be “more” responsible for the PH 
found in these patients than other mechanisms 
[74, 93].

All pathways eventually cause vascular 
remodeling, through classically described mech-
anisms, and pulmonary hypertension, with usu-
ally mild increases in PA pressure in the range of 
20–30 mmHg. 

22.2.6.2	 �Interstitial Lung Disease
In addition to the two main processes involved in 
the development of PH in chronic lung diseases 
(HPV and vascular remodeling), there are few 
pathophysiological factors unique to interstitial 
lung diseases. Fibrosis in the vicinity of pulmo-
nary beds may traction and disrupt vessels, 
reducing blood distribution volume and increas-
ing pressure. The heterogeneity of macro and 
microalterations may also affect the vasculature 
by its proximity and involvement of the bron-
choalveolar bundles [94]. In PH associated with 
diffuse scleroderma or other connective tissue 
disorders pathophysiological mechanisms 
include inflammatory vascular remodeling, anti-
endothelial antibodies and other autoimmune 
vascular injury and arteritis, thromboembolic dis-
ease due to the hypercoagulable state, and associ-
ated left heart disease [95]. Furthermore, in such 
diseases with overactive inflammatory responses, 
one may hypothesize at the molecular alterations 
that cytokines have on cardiac function which 
could precede PH development but nevertheless 
induce RV dysfunction. In addition, the therapeu-
tics of such disorders (immunosuppressants, cor-
ticoids) are known to have cardiotoxic effects 
[96], and thus ILDs may associate RV dysfunc-
tion without there being a causality relation 
between the two.

22.2.6.3	 �Combined Pulmonary 
Fibrosis and Emphysema

Combined pulmonary fibrosis and emphysema 
was first described by Wiggins et  al. as high-
resolution computer tomography evidence of co-
existence of emphysema in the upper lobes and 
pulmonary fibrosis in the lower lobes [97]. The 
syndrome was individualized first by Cottin et al. 
in 2005 and was characterized in patients with 
abnormal spirometry, severe impairment of gas 
exchange, high prevalence of pulmonary hyper-
tension, and poor survival [98]. The co-existence 
of emphysema and fibrosis dictates the patho-
physiological mechanisms of PH in this case—
both hypoxia induced vasoconstriction, and 
subsequent remodeling and fibrosis with destruc-
tion of vascular bed.

Eventually, the evolution of these processes 
and the subsequent development of all the above 
mentioned lesions lead to the narrowing and 
obliteration of vessel lumen in a setting of 
increased vascular tone. The initially low-
resistance low-flow system of the pulmonary vas-
culature now becomes an increased resistance 
system forcing an elevated afterload on the right 
ventricle, which now struggles to defeat the high 
pressures by hypertrophy and eventually dilation 
and failure.

22.3	 �Effect of Chronic Lung 
Disease on Heart Structure 
and Function

With sustained, hours to days, hypoxic exposure, 
pulmonary elasticity decreases, pulmonary arte-
rial pressure increases, tachycardia ensues, all 
leading to an increased workload on the right 
ventricle.

Hypoxic vasoconstriction leading to altera-
tions in pulmonary micro- and macrovasculature, 
which are both observed in chronic lung disease 
patients, leads to an increase in pulmonary vascu-
lar resistance, the sine qua non of Group 3 
PH. Consequently, this increase in right ventricu-
lar afterload leads to right ventricular remodel-
ing, namely RV wall hypertrophy and RV 
dilatation, which eventually end in RV functional 
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deterioration. The clinical depiction of this syn-
drome is known as cor pulmonale. As evident 
from its name, this is a clinical syndrome in 
which a primarily pulmonary disease leads to 
alterations of the structure and function of the 
right heart. This definition excludes the clinical 
setting in which the RV anomaly is generated by 
a primarily left-sided heart disease [99]. 
Therefore all Groups of PH may lead to a form of 
another of this syndrome, except for Group 2. 
Cor pulmonale can present either as an acute 
development, a chronic progression of disease, or 
an acute decompensation of the chronic syn-
drome. Currently, however, there is no widely 
accepted definition of this syndrome (apart from 
the one settled upon over 50  years ago by the 
WHO [100]), for which reason its use has been 
restricted mainly to the latter two clinical presen-
tations. Acute cor pulmonale, preferably known 
as acute RV failure, is characterized by RV dila-
tion and dysfunction, with a frequently rapid 
inextricable evolution towards cardiogenic shock, 
and it can be the consequence of a variety of dis-
orders [18]. Symptoms and clinical signs are 
similar to an acute decompensation of a previ-
ously chronic cor pulmonale, which occurs when 
the compensatory mechanisms (RV hypertrophy 
and dilation) either fail, or are overwhelmed by 
abrupt changes in hemodynamics (i.e. COPD 
exacerbations, pulmonary embolism, exercise).

In opposition, chronic cor pulmonale or 
chronic RV failure as seen in Group 3 PH, gener-
ally has a more benign evolution as a conse-
quence of slow increases in mean PAP and the 
mild to moderate PH seen in these patients, in 
whom it rarely exceeds 35–40 mmHg. Such lev-
els are considered “out of proportion” PH and 
suggest an additional component for the etiology 
of PH in a chronic pulmonary disease patient (left 
heart disease, sleep apnea syndrome) [101]. With 
1–3 mmHg/year increments in mean PAP, the RV 
has time to compensate and hypertrophy, the 
foremost effect of chronic pulmonary disease, 
while maintaining myocardial systolic function 
and possibly associating an impaired diastolic 
function [102]. In fact, the increase of mean rest-
ing PAP over 25mmHg already evokes the 
destruction of over half the pulmonary vascular 

bed [103]. Therefore, the clinical syndrome of 
cor pulmonale speaks of a rather long-lasting and 
severe alteration of the lung vasculature.

Besides the pressure challenge exerted by 
hypoxic PH on the RV, the significant changes in 
intrathoracic pressure in the setting of chronic 
pulmonary disease may add to the altering of size 
and function of both ventricles. In COPD and 
emphysema, hyperinflation increases pressure on 
the heart, and smaller chamber sizes were 
reported in COPD patients, in whom the increase 
in severity was associated with decrease in cham-
ber size (the association was stronger between 
degree of hyperinflation and size than airway 
obstruction or diffusion capacity) [104]. Altered 
lung mechanics leads to impaired LV filling, car-
diac output and stroke volume, which may 
decrease RV perfusion pressure and further 
worsen RV function [105].

22.3.1	 �From Pulmonary 
Hypertension to Right 
Ventricle Dysfunction

The first response of the RV to chronic steady 
increases in pressure is hypertrophy, character-
ized by an increase in ventricular mass and 
decrease of internal chamber radius, assuming a 
more rounded shape [106]. This adaptive hyper-
trophy translates at the cardiomyocyte level into 
increased protein synthesis, cell size and cyto-
skeletal remodeling, as these cells are fully dif-
ferentiated and their only means to adapt is by 
cell growth and fetal program re-initiation. A 
crucial role in this process is that of integrins and 
focal adhesion complexes which couple mechan-
ical stress with biochemical pathways. They 
function as mechanotransducers; tortional stress 
induces structural alterations in extracellular 
matrix proteins which makes them recognizable 
by integrins, which will now connect to them 
through their extracellular domain, and to the 
cytoskeleton through their intracellular domain, 
this way further inducing intracellular signaling 
and protein expression to stimulate cell growth 
and survival [107]. In parallel, both the 
extracellular matrix and the supporting vessels 
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have increased synthesis. All these structures, the 
cardiomyocytes with their cytoskeleton and con-
tractile apparatus, the extracellular matrix and 
their supportive vasculature, influence each other 
in the pathobiology of diastolic and systolic func-
tion impairment [106].

Further there is significant variability in the 
development of greater or lesser hypertrophy, 
evolution towards RV failure, and the timing of 
such events in the affected population. There are 
disease specifics, such as the slow progression of 
increase PA pressures in chronic lung disease, 
and the rare development of RV failure in such 
patients [102], which may account for such phe-
notypical diversity. In other clinical scenarios, 
polymorphisms in specific enzymes have sup-
ported a concept of a genetically controlled RV 
hypertrophy [108].

The transition from hypertrophy to failure in 
the case of the RV is far from having a sound and 
clear description of its underlying pathophysio-
logical mechanisms. So far we know that extrapo-
lating knowledge from the processes described in 
the left ventricle is not warranted, considering 
their differences in, amongst others, embryologic 
origin, morphology and response to stress [109]. 
The road from hypertrophy to failure is designed 
by a series of epigenetic, inflammatory and meta-
bolic mechanisms, the details of which have been 
only more recently investigated by translational 
studies. While the development of LV hypertro-
phy to counteract systemic hypertension is an 
adaptive phenomenon able to prolong time to 
symptoms with decades, the RV is less optimal in 
its adaptation, and, without treatment, the survival 
prognosis is far more severe. The recent review of 
Samson and Paulin gives an overview of current 
knowledge on these mechanisms [109]. The dys-
function of contractility has been explained as a 
result of α- and β-myosin heavy chain ratio altera-
tion in cardiomyocytes as an adaptive mechanism 
to preserve energy. In addition, the role of thyroid 
disease has been proposed as a key regulator of 
contractility in the hypertrophied RV. A series of 
evidence is also building up to support the role of 
epigenetic mechanisms such as DNA methyla-
tion, modification of histone proteins and microR-
NAs to explain the suboptimal response to 

stress-induced hypertrophy in the RV. 
Inflammation further takes its toll, as the develop-
ment of RV failure is predominant in those with a 
higher inflammatory burden (i.e. scleroderma), 
and cytokines such as tumor necrosis factor-α, 
interleukin-6 and interleukin-1 were shown to 
mediate and promote fibrosis, cardiac hypertro-
phy and failure. The evolution from normal size 
and function to hypertrophy seems to go through 
a metabolic switch from lipolysis to predominant 
glycolysis in the adaptive processes of both ven-
tricles. A recent hypothesis suggests that such an 
adaptive switch becomes reversed when the pro-
gression towards RV failure occurs. Along with 
this, going from hypertrophy to failure appears to 
be associated with significant loss of mitochon-
dria, with the remaining displaying abnormal 
structure and functionality. In addition, the growth 
in muscular mass seems to be accompanied by 
either a suppressed or inadequate neo-
vascularization, and becomes therefore more 
prone to failure. This pathobiology has been 
described mostly in animal models of induced 
pulmonary arterial hypertension, and the degree 
to which all forms of PH in humans adhere to 
these mechanisms is unknown.

In pulmonary disease, the progression from 
RV hypertrophy to failure is the primary compli-
cation of RV dysfunction, but this is a rather rare 
occurrence. It is more frequently seen in an acute 
exacerbation of lung disease, characterized by 
additional ventilation-perfusion mismatch and 
further decrease in systemic oxygenation, all 
these putting additional pressure on an already 
stressed RV which may now fail, if it had not 
done so in a clinically obvious manner before. 
When PH is increased to “out of proportion” lev-
els other etiologies of both PH and RV failure 
may be considered, most frequently left heart dis-
ease [102]. In a cohort of the National Emphysema 
Treatment Trial only 5% of severe emphysema 
patients had PAP >35  mmHg [110], while a 
cohort study on COPD patients showed that only 
2.7% had severe PH, and in more than half of 
cases a different etiology than COPD was dem-
onstrated [111].

Nevertheless, the development of RV failure 
is associated with a much worse prognosis. And 
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this is much more relevant if we consider the 
findings reported by Hilde et  al. who showed 
that alterations in RV structure, size, and func-
tion are present in COPD patients even in the 
absence of resting PH and are actually late 
markers of pulmonary vasculature disease. The 
study evaluated 98 patients with COPD stages II 
to IV, and divided them in two groups—with 
PH, if mean PA pressure ≥25  mmHg on right 
heart catheterization, and without PH, other-
wise, and performed thorough echocardio-
graphic measurements of RV performance and 
structure. The results showed that RV systolic 
function, RV hypertrophy, and RV dilation were 
present in COPD patients even in the absence of 
PH [103]. This may support a concept of paral-
lel synchronously mechanisms involving 
inflammation, endothelial dysfunction and met-
abolic shifts in both heart and lungs in an over-
lapping process of developing PH and RV 
disease. However, one must also consider that 
the absence of PH at rest does not exclude its 
presence in usual life conditions when the mini-
mal or moderate exertion of daily living and the 
secondary desaturations during it or during 
sleep may be accompanied by temporary, but 
frequently recurring increases in PA pressure 
and therefore RV stress.

22.3.2	 �Prevalence and Characteristics 
of Pulmonary Hypertension 
and Right Ventricle 
Dysfunction Among Lung 
Disease Patients

Chronic lung diseases (CLD) associating Group 
3 PH are COPD, interstitial lung disease, other 
pulmonary diseases with mixed restrictive 
and  obstructive pattern as the more recently 
defined  combined pulmonary fibrosis and 
emphysema, sleep-disordered breathing, and 
alveolar hypoventilation disorders. The preva-
lence of PH in CLD was reported at 13.8% in a 
series of ≥65  years old patients [112]. Among 
these, COPD is the most common cause of PH, 
probably due to its high prevalence in the gen-
eral population [101].

22.3.2.1	 �Chronic Obstructive 
Pulmonary Disease

The actual prevalence of PH secondary to COPD 
is unknown; studies have reported extremely 
variable percentages in the range of 25–90% 
owing to the different population investigated—
from stable less-severe COPD to those with 
severe emphysema which are candidates for lung 
resection [113]. Normal mean PAP is considered 
<20 mmHg at rest, and <30 mmHg during exer-
cise; PH has been defined in different studies as 
either mean PA pressure >20  mmHg or 
>25 mmHg. Either way, Group 3 pH is mainly 
characterized by a mild-moderate increase in 
mean PA pressure, which rarely exceeds 
35–40 mmHg, measurements carried out in sta-
ble patients, outside exacerbations when PAP 
may temporarily increase [101]. Actually, in 
these latter cases, such increases in PAP parallel 
worsening hypoxemia and hypercapnia, underly-
ing the role of hypoxia induced vasoconstriction. 
As described previously, alterations in RV struc-
ture and function may precede the actual pres-
ence of PH that can be documented at rest, and 
this may be a consequence of several characteris-
tics of PH in COPD patients which subjects them 
to frequently recurring episodes of increased pul-
monary pressure: (1) exercise increases vascular 
pressure in CLD patients, but not in normal sub-
jects; (2) COPD patients may overlap other CLD 
such as SDB or hypoventilation syndromes; (3) 
hypoventilation and perfusion mismatch during 
sleep in the absence of such comorbidities, usu-
ally during REM when muscle tone is dimin-
ished; (4) exacerbations of COPD [101]. RV 
hypertrophy has been reported in as much as 76% 
of advanced COPD patients at autopsy and can 
precede resting hypoxia. Probably as a conse-
quence, it appears that RV myocardial contractil-
ity is generally preserved in COPD, thus systolic 
function is less frequently affected, but RV dia-
stolic function may be more commonly impaired, 
a feature also present in healthy individuals under 
acute hypoxia [102].

22.3.2.2	 �Interstitial Lung Diseases
The prevalence of PH in interstitial ILD varies 
just as much as in COPD patients, and this 
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reflects mostly the heterogeneity of the patholo-
gies comprised in this group (idiopathic pulmo-
nary fibrosis, connective tissue diseases, 
pneumoconiosis). Reports have varied from 30 
to 90% of ILD patients [113]. Data on RV dis-
ease associated with PH in ILD is scant. The 
most widely used diagnostic tool to evaluate the 
RV, transthoracic echocardiography, has signifi-
cant limitations in such patients. Arcasoy et al. 
showed that the estimation of systolic PAP by 
echocardiography was inaccurate in 52% of 
patients with advanced lung disease, leading to 
over-diagnosis of PH [114].

22.3.2.3	 �Sleep-Disordered Breathing
Most research on sleep-disordered breathing and 
pulmonary hypertension has focused on obstruc-
tive sleep apnea, and PH has been described as 
mild to moderate [115]. Failure of the RV associ-
ated to OSA alone is a rare find, and the case is 
usually of RV dysfunction associating PH in a 
patient with OSA and other comorbidities, such 
as COPD, left heart disease or obesity [92]. In 
subjects of the Framingham Heart Study who 
were also part of the Sleep Heart Health Study, 
RV wall thickness was reported increased in 
those with SDB [116], but these findings have not 
been consistent across literature. Considering the 
frequent association of OSA with obesity, other 
chronic respiratory diseases, systemic hyperten-
sion, arrhythmias and left heart disease, it is dif-
ficult to pinpoint the exact etiology of right heart 
disease in these patients. “Pure” OSA has been 
investigated in small size studies including 
12–220 patients, and in these cases the PH prev-
alence has ranged from 17 to 79% [92]. 
Nevertheless, the link between OSA, PH and 
RV failure can be, at least partially, tested 
through a therapeutic approach—CPAP therapy, 
and there have been studies showing a signifi-
cant reduction in PAP after CPAP therapy. Many 
of them are fraught with limitations—small 
sample size, confounding factors such as under-
lying lung disease, obesity and hypoventilation 
disorders, lack of detailed etiology and right 
heart catheterization especially as a result of 
patients’ low PAP in the first place. There has 
been inconsistency in their findings, but 

generally CPAP therapy has so far been proven 
to lower PAP and pulmonary circulation reactiv-
ity, thus supporting the link between SDB and, 
usually, mild PH [93, 115].

22.3.2.4	 �Combined Pulmonary 
Fibrosis and Emphysema

The prevalence of PH in CPFE patients was 
reported ranging from 28 to 47%, and it seems to 
occur more frequently in CPFE than in the case 
of COPD alone, or ILF alone, but shares the same 
pathophysiology and characteristics. As in the 
case of ILD, the accuracy of transthoracic echo-
cardiography studies are limited by the presence 
of significant emphysema [117]. As a special fea-
ture of this disorder, in a recent retrospective 
analysis of patient characteristics, the prognosis 
of CPFE was shown to be significantly worse 
than that of IPF alone [118].

22.4	 �Diagnostic Evaluation 
of Pulmonary Hypertension 
and Right Ventricle 
Dysfunction in Chronic Lung 
Disease

Pulmonary hypertension does not equate RV dys-
function, although there is both a correlation and 
a causation relation between the two, depending 
on the clinical setting they occur in.

Pulmonary hypertension is defined as present 
when an increase in mean PAP ≥25 mmHg at rest 
is documented by right heart catheterization, con-
sidering normal mean PAP values are under 
20  mmHg and mean PAP ranging from 20 to 
25 mmHg has unclear clinical significance [119]. 
Only a small percentage of CLD patients associ-
ate PAP values >35 mmHg, and Seeger et al. have 
recently suggested defining severe PH in COPD/
IPF/CPFE patients as having either mean PAP 
≥35 mmHg, or mean PAP ≥25 mmHg with a low 
cardiac index < 2 l/min/m2 [120]. In CLD patients 
the presence of PH is an important indicator of 
severe prognosis and it will most probably lead to 
RV dysfunction. One cannot consider and discuss 
the presence of either PH or RV dysfunction, 
taken together or alone, in the absence of proper 
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means to assess their parameters in a reliable and 
reproducible manner. Which leads to the non-
invasive and invasive techniques of measuring 
PH and RV function in CLD patients, as detailed 
below.

22.4.1	 �Physical Examination

The diagnostic algorithm passes through the ini-
tial phase of physical examination. The pres-
ence of PH alone in a patient can hardly be 
suggested by clinical signs, in the absence of 
concomitant RV dysfunction. In an otherwise 
stable CLD patient, severe aggravating dyspnea 
during exercise or rapidly decreasing oxygen 
saturation may point to underlying PH, when 
such symptoms cannot be explained by the 
severity of the lung disease. In contrast, the clin-
ical diagnosis of cor pulmonale is rather evident 
in a patient with systemic venous congestion 
and low cardiac output. The symptoms and clin-
ical signs will evoke the diagnosis of RV failure 
without reliably disclosing its etiology, which 
can be suggested but not fully elucidated by 
patient medical history. Considering that in 
CLD patients PH progresses slowly over the 
years, the symptoms of RV failure will gradu-
ally follow. Most frequently, dyspnea occurs in 
the initial stages and it becomes more severe 
with the progression of RV failure. Bloating and 
early satiety follow hepatic venous congestion. 
Peripheral edema with ankle swelling and asci-
tes may suggest RV failure in the absence of 
other causes (i.e. hypoalbuminemia, LF failure). 
It is uncommon in ILD patients and rarely 
develops in COPD patients without hypercapnia 
[102]. Fatigue and dizziness may signal low car-
diac output. Significant clinical signs are an 
increased jugular venous pulse, an accentuated 
second pulmonary sound, and right ventricular 
gallop, to name a few, all suggestive of RV fail-
ure. However, the prominent jugular V wave, 
indicative of tricuspid regurgitation, can be hard 
to asses in patients with hyperinflation and 
widely variable intrathoracic pressures, and 
heart auscultation becomes more difficult on a 
hyperinflated chest or in the presence of rhales.

22.4.2	 �Non-Invasive Evaluation

Pulmonary functional testing such as spirometry, 
lung volumes and DLCO and assessment of exer-
cise capacity (6 min walk test, cardiopulmonary 
exercise testing) do not bring information on RV 
function, but abnormal measurements on these 
tests have been associated with PH in ILD and 
COPD patients [102].

Serological testing in CLD is scarce. The most 
investigated biomarkers with a prognostic benefit 
are those suggesting RV failure—BNP and 
NT-proBNP, peptides released from myocytes in 
response to wall stress. They correlate with myo-
cardial dysfunction in almost any cardiac disease, 
and are not specific for PH.  In COPD patients, 
both BNP and NT-proBNP were shown to inde-
pendently strongly predict long term mortality 
after acute exacerbations [121], increased length 
of in-hospital stay, and need for intensive care 
[122], and accurately reflect impact of an acute 
exacerbation on RV function [123]. Elevated 
BNP levels were shown to identify patients with 
clinically significant PH (PAP >35 mmHg) with a 
sensitivity of 85% and specificity of 88%, and to 
predict mortality independent from lung func-
tional impairment and hypoxemia in multivariate 
analysis [124].

Electrocardiographic findings alone do not 
bring highly sensitive or highly specific informa-
tion in CLD patients with RV dysfunction, and 
they are the same as described in other etiologies 
of both PH and RV dysfunction.

In opposition, the chest radiography, a hardly 
reliable test for degree of PH and RV dysfunc-
tion, in CLD can bring valuable information on 
the etiology of the disease as it remains an impor-
tant tool in assessing lung disease (hyperinflation 
or parenchymal abnormalities) and skeletal dis-
orders. In COPD patients, a high cardiothoracic 
index and a width of the right descending PA 
>16 mm were shown to correlate well with the 
presence of PH [99]. It cannot give any informa-
tion on degree of severity of either PH or RV 
dysfunction.

Multidetector computer tomography (MDCT) 
scanning has been employed to asses RV struc-
ture and function and has been validated against 
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echocardiography and MRI studies [125]. In 
COPD patients mean RV mass and ejection frac-
tion correlated with COPD severity as assessed 
by forced expiratory volume in one second [126, 
127]. Pulmonary artery cross-section diameter 
was also shown to correlate well with PAP [102]. 
However, the use of MDCT to this end is limited 
due to the exposure to high dose radiation and 
iodinated contrast agents, but may become more 
useful in CLD patients who frequently have an 
indication for such testing as a consequence of 
their underlying respiratory disorder.

The standard method employed in clinical 
practice to evaluate RV function in CLD 
patients remains echocardiography. The CLD 
patient should undergo echocardiography when 
PH is suspected (enlarged pulmonary arteries 
on other imaging techniques—chest X ray, 
MDCT; clinical signs of RV dysfunction as 
exemplified above; severely abnormal func-
tional testing as compared to the underlying 
respiratory disease). The anatomical complex-
ity of the RV makes it difficult to be assessed 
even in the general population, and on the 
emphysematous chest of a CLD patient echo-
cardiography loses ever more accuracy. To 
complement conventional studies, novel 
approaches such as real-time 3D assessment of 
RV ejection fraction, tissue Doppler imaging 
(TDI) velocities, and strain and strain rate have 
emerged during the past decade [103].

Conventional echocardiography will mostly 
reveal changes in echo parameters as in other 
forms of PH: increased RV wall thickness, 
increased RV diameter and decreased tricuspid 
annular plane systolic excursion to name some of 
the more reproducible parameters even in CLD 
patients. When using TDI and strain rate imag-
ing, the disadvantage of geometric assumptions 
and endocardial border tracing, as in 2D imaging, 
can be overcome. These techniques have been 
more recently evaluated in COPD patients in 
association with pulmonary functional testing 
and have proven to correlate with RV dysfunc-
tion, and have a high sensitivity and specificity; 
in COPD patients strain rate imaging had high 
feasibility as it could be employed even in those 
with poor 2D imaging [128].

Isovolumetric acceleration and tricuspid annu-
lar systolic velocity by TDI have been proven to 
correlate well with RV failure in COPD patients, 
having a good interobserver and intraobserver 
reliability [129]. In a study carried out by Ozben 
et al. on 30 COPD patients during an acute exac-
erbation versus 30 controls, both isovolumetric 
acceleration and tricuspid annular systolic veloc-
ity by TDI were reported as reliable indices for 
the evaluation of RV function in COPD patients, 
with the more classical PAP actually showing the 
most accuracy, sensitivity, specificity, positive and 
negative predictive value compared to other echo 
parameters in predicting a COPD exacerbation. 
This underlines the importance of this more com-
monly measured index and vets its further use in 
such clinical conditions [130]. Echocardiographic 
markers of RV function in 87 CLD patients with 
moderate-severe decreases in predicted forced 
expiratory volume in one second were evaluated, 
and RV dimensions, RV area and Doppler indices 
all strongly associated with survival. The study 
reported that right ventricular end-diastolic diam-
eter was the most significant variable in the multi-
variate model and independently predicted 
survival [131]. In ILD patients too, the echocar-
diography measured parameters RV systolic pres-
sure, tricuspid annular plane systolic excursion, 
and RV fractional area change were proven to sig-
nificantly correlate with outcome [132].

As echocardiography has its limitations, mag-
netic resonance imaging is the gold standard for 
the evaluation of right ventricle volumes and 
function. However, this is not routinely carried 
out in CLD patients. It also does not give infor-
mation on lung parenchyma which makes its use 
in CLD even less frequent. Cardiac magnetic 
resonance is an accurate reproducible method but 
it has low availability as compared to even mod-
ern echocardiographic methods for estimation of 
RV function. Parameters derived from this tech-
nique, such as RV end-systolic volume and RV 
ejection fraction were more recently proven to 
correlate with mortality [132]. Nevertheless, cur-
rently, its use is limited to clinical studies and to 
those cases in which an echocardiographic study 
is indicated but cannot be performed with proper 
accuracy.
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22.4.3	 �Invasive Hemodynamic 
Measurements

Currently, the gold standard evaluation for PH 
diagnosis is right heart catheterization, but not 
every CLD patient requires it and such testing 
cannot be carried out in all CLD patients mainly 
for ethical reasons [101]. As an invasive proce-
dure it has its risks, and the lack of further diag-
nostic and therapeutic benefits do not overcome 
these risks, considering that most CLD patients 
have mild to moderate PH.  Considering the 
practice from expert centers and in the absence 
of specific guidelines, in this Group 3 PH popu-
lation right heart catheterization is generally 
considered beneficial and indicated if: (1) 
another etiology of PH is suspected, consider-
ing that such finding may improve outcomes 
and survival by benefiting from specific PH 
therapies; (2) severe PH is suspected giving 
prognostic information on transplant candi-
dacy; (3) severe PH is suspected in those with 
low-quality echocardiography [113]. On right 
heart catheterization Group 3 PH is character-
ized by pre-capillary PH with mean PAP 
≥25  mmHg and a pulmonary artery wedge 
pressure ≤15 mmHg [119].

22.5	 �Therapeutic Options

The mainstay in therapy of COPD is inhaled 
bronchodilators, anticholinergics and corticoids 
[67] which reduce inflammation, ameliorate 
obstruction and prevent exacerbations. In addi-
tion to these, there are several adjunct therapies 
such as phosphodiesterase-4 inhibitors and long-
term antibiotics which were shown to reduce 
exacerbations. The effects of such medications 
are beneficial on respiratory mechanics which 
may therefore improve PAP.  When reducing 
exacerbations they have an indirect effect on RV 
function, as it was shown before that with every 
exacerbation RV dysfunction progresses. On the 
contrary, there are no currently available thera-
pies in ILD to significantly improve disease pro-
gression, and the data supporting corticoid use in 
these cases is scarce [102].

Long term oxygen therapy is recommended in 
COPD patients with severe, not moderate, resting 
chronic hypoxemia, as it improves survival [67]. 
Even though it initially aggravates ventilation-
perfusion matching, long term use >15 h a day 
was shown to reduce RV afterload, and stabilize 
but not improve mean PAP, suggesting that it has 
no influence on the already fixed vascular remod-
eling [102].

Although it is widely used in ILD patients 
with chronic respiratory failure, long term oxy-
gen therapy has not been proven to influence sur-
vival; in contrary, it may even have a deleterious 
effect considering hyperoxia-mediated oxidative 
injury may play a major role in the development 
of ILDs [102].

In OSA patients, both PAP and RV function 
were proven to modestly improve with the 
correction of hypoxemic events either by weight 
loss or uvulopalatopharyngoplasty [102]. Most 
importantly, long term nocturnal continuous pos-
itive airway pressure therapy (>3  months) was 
proven to significantly reduce PAP in several 
case series and cohorts, and more recently in a 
randomized sham-controlled study in whom RV 
systolic pressure decreased after 12  weeks of 
therapy [93].

Attempting to use the information gathered 
from pathophysiological studies on PH in CLD, 
therapeutic research has shifted its aim towards 
novel molecules in all groups of PH patients.

NO has entered the therapeutic arsenal. The 
NO effect in the COPD patient is supported by a 
trial conducted in 40 patients with PH secondary 
to COPD which showed that the “pulsed” inhala-
tion of NO with oxygen caused a significant 
decrease in mean pulmonary artery pressure and 
pulmonary vascular resistance index while main-
taining a good safety profile [133]. Currently, 
FDA approval has been given for its use only for 
hypoxic respiratory failure in the term and near-
term neonates with evidence of PH, but its effec-
tiveness on other clinical scenarios of PH is also 
being evaluated in several studies. Clinical inves-
tigation is ongoing but results have not yet been 
published in the treatment for bronchopulmonary 
dysplasia [134]. A Phase 2 trial is carried out in 
patients with difficult to treat PH associated with 
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idiopathic pulmonary fibrosis [135]. In the Phase 
II PHiano study [136] a NO delivery system is 
used in patients with PAH or PH secondary to 
idiopathic pulmonary fibrosis.

When approaching the more recent molecules 
used in PH, research in Groups 2–5 is limited, 
and that is most probably as a consequence of the 
initial disappointing results. ET1 receptor antag-
onists in Group 3 PH have been discouraging, 
with bosentan failing to improve exercise capac-
ity and worsening hypoxemia and functional sta-
tus after 12 weeks of therapy in a double blind 
randomized placebo-controlled trial of 30 
patients with severe and very severe COPD [137]. 
In a subpopulation of the Ambrisentan therapy in 
a diverse population of patients with pulmonary 
hypertension (ARIES-3) study, after 24 weeks of 
therapy those with non-Group 1 PH did not show 
an improvement of exercise capacity [138]. 
However, another trial showed conflicting results 
as 18 months of therapy in 16 patients improved 
PAP, PVR, and functional capacity [139]. 
Evidently there are serious limitations in these 
studies which explain an apparent controversy of 
conclusions, considering that all of them have 
included a small number of patients and that the 
selected cases widely differ in patient character-
istics and degree of underlying vascular disease.

Similarly with prostacyclins and phosphodies-
terase-5 inhibitors, investigations have led to 
contrasting results which so far impede their use 
in clinical practice. Even though in several cases 
an improvement of either capacity or pulmonary 
hemodynamics was noted, the long term effects 
may even have deleterious effects [140]. 
Therefore, currently, the lack of strong evidence 
in the field determined the CHEST Guideline and 
Expert Panel Report to underline that none of the 
pulmonary arterial hypertension specific thera-
pies is approved in Group 3 PH [141].

Calcium channel blockers have been the first 
vasodilator option in the treatment of pulmonary 
arterial hypertension, but with more recent 
advances it is believed that only a minute fraction 
of patients may benefit from this therapy and this 
has severely restricted its use [142]. In COPD 
they are considered to worsen ventilation-
perfusion and hypoxemia, and the recent NICE 

guideline do not recommend their use to treat cor 
pulmonale patients [143].

In severe COPD lung volume reduction sur-
gery may become an option to improve func-
tional status, but data supporting its beneficial 
effect on pulmonary hemodynamics and cardiac 
function is lacking. A study conducted on a 
small subpopulation of the National Emphysema 
Treatment Trial comparing medical therapy ver-
sus medical therapy plus lung volume reduction 
surgery found no significant improvement in 
PAP and cardiac function in those receiving sur-
gery [144]. 

22.6	 �Complications. Clinical 
Outcomes. Prognosis

Once RV dysfunction has occurred, the main 
complication will be its progression to RV failure 
[102] and this may come as a result of: (1) so-
called natural disease progression (in the sense 
that pathogenics are far from being fully eluci-
dated); (2) exacerbations of underlying CLD 
which may lead to a more or less temporary dete-
rioration of cardiac function; (3) overlapping 
acute or chronic disorders which further alter RV 
function (i.e. pulmonary embolism, ischemic 
heart disease); (4) deleterious effects of CLD 
therapies on cardiac function.

The presence of RV hypertrophy and remodel-
ing is frequent in COPD patients but it rarely 
develops into RV failure [102]. The coexistence 
of left heart disease is fairly frequent in COPD 
patients, especially smokers, thus accelerating 
progression of heart failure.

Cor pulmonale, in its acutely decompensated 
form, is a classical clinical presentation of RV 
failure, having COPD as its most common etiol-
ogy in North America [99]. In acute CLD exacer-
bations, the ventilation-perfusion mismatch is 
aggravated along with hypoxemia and hypercap-
nia which deteriorates PH and thus RV dysfunc-
tion. In a recent study carried out on 33 patients 
with an acute COPD exacerbation without clini-
cal signs of RV dysfunction, the authors showed 
that RV function is altered during the acute event, 
and only partially recovers after the episode, thus 
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proving that COPD exacerbations have a delete-
rious effect on the long-term in terms of RV func-
tion [130].

Most COPD and CPFE patients are heavy 
smokers, share a high inflammatory burden, and 
this evidently increases their global cardiovascu-
lar risk and mortality, which in a significantly 
high proportion is caused by cardiovascular com-
plications as the Lung Health Study proved [145]. 
Hypertension, heart failure and arrhythmias are 
frequent comorbidities in COPD patients, and up 
to 33.6% of a large 400,000 cohort of COPD US 
veterans were found to have coronary artery dis-
ease. PAP increases, either due to left heart disor-
ders or during CLD exacerbations, can reduce 
right coronary artery flow, leading to an aggrava-
tion of RV dysfunction, which will only be sev-
ered in the presence of preexistent atherosclerotic 
lesions in this territory. RV ischemia can be either 
a result of increased PAP, especially in those 
overlapping diverse comorbidities (COPD, OSA, 
ILD, hypertension, arrhythmias), or an athero-
sclerotic cause of additional RV dysfunction 
[146].

The acute exacerbation of a chronic lung dis-
ease becomes an interplay between the underly-
ing chronic inflammatory state characteristic of 
these disorders, and the additional impact of the 
acute inflammation dynamics of an infection. 
Knowing their role on coagulation, one may 
hypothesize on the increased risk of pulmonary 
embolism (PE) in acute exacerbations of 
COPD.  Furthermore, the Global Initiative for 
Chronic Obstructive Lung Disease Report from 
2014 recommended enhancing thromboprophy-
lactic measures in COPD patients during an acute 
exacerbation acknowledging their higher risk for 
deep vein thrombosis and PE [147]. As a recent 
review by Aleva et al. has discussed, there have 
been population studies supporting this concept 
but are balanced by others showing no associa-
tion at all. In their investigation, the authors went 
from the idea the PE might be the cause of acute 
exacerbation of COPD in those 30% of cases 
when the etiology of the event remains unknown, 
and concluded that it should be so considered 
when associated with suggestive clinical signs 
such as pleuritic chest pain and acute right heart 

failure in the absence of a clearly associated 
infection [148].

Right heart failure is said to be “the end point 
of all forms of PH” [105], and an elevated PAP is 
definitely an independent predictor of poor out-
comes in many forms of CLD, reducing survival 
in COPD and OSA patients, increasing morbidity 
and mortality in cystic fibrosis and idiopathic 
pulmonary fibrosis, and sarcoidosis [102, 149]. 
In CPFE patients, PH may deteriorate far worse 
than in IPF patients, and 1 year survival in these 
patients is reduced to only 60% when PH has 
developed [98]. For the minority of COPD 
patients with severe “out of proportion” PH in the 
ASPIRE registry (Assessing the Spectrum of 
Pulmonary hypertension Identified at a REferral 
centre) 1 and 3 years survival was far worse than 
in those with mild-moderate PH (70 and 33% vs 
83 and 55%) [150].

However, neither PAP nor RV dysfunction 
have been included in severity scores such as the 
BODE index, St George’s Respiratory 
Questionnaire, or the 36-item Medical Outcomes 
Study Short Form questionnaire, which are gen-
erally used in practice. As mentioned before, 
early, non clinically evident markers of RV dys-
function can be present in COPD patients even 
with slight or absent increases in PAP.  But as 
therapeutic options for PH associated to CLD are 
limited compared to other groups of PH, once it 
has occurred it speaks of poor prognosis with 
limited solutions.
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Abstract

Right heart disease can be associated with 
increased risk for arrhythmias, both ventricu-
lar and supraventricular. Right sided arrhyth-
mias may occur in the setting of structural 
disease predominantly affecting the right 
heart—such as cardiomyopathies (arrhythmo-
genic right ventricular dysplasia, cardiac sar-
coidosis) and congenital heart disease 
(corrected tetralogy of Fallot, Ebstein’s anom-
aly, atrial septal defect), as well as in the 
absence of structural heart disease, with sub-
strate (Mahaim fibers, Coumel type tachycar-
dia) or without substrate (idiopathic right 
ventricular outflow tract ventricular tachycar-
dia). The most common cause for right heart 
failure is secondary pulmonary hypertension 
due to left heart diseases, a setting in which 

the underlying left heart condition will be the 
main determiner for prognosis and risk of 
arrhythmia. Still, right heart failure secondary 
to pulmonary arterial hypertension is also 
associated with increased risk for arrhythmic 
events. Advanced cardiac imaging, especially 
cardiac MRI, as well as invasive procedures 
(right/left heart catherization; electrophysio-
logical study; endomyocardial biopsy) play an 
important role in the differential diagnosis. 
Modern treatment relies on interventional 
techniques (implantable cardioverter defibril-
lator; radiofrequency ablation).

Keywords

Arrhythmogenic right ventricular dysplasia  
Cardiac sarcoidosis · Tetralogy of Fallot  
Ebstein’s anomaly · Ventricular tachycardia  
Sudden cardiac death

23.1	 �Introduction

The following chapter will focus on arrhythmo-
genic diseases with specific right heart involve-
ment (cardiomyopathies, congenital heart 
diseases), as well as on arrhythmias originating 
from the right heart, despite a structurally normal 
heart or in the setting of pulmonary arterial 
hypertension.
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23.2	 �Arrhythmogenic 
Cardiomyopathies 
with Specific Right Heart 
Involvement

Arrhythmogenic cardiomyopathies with specific 
right heart involvement are rare diseases. Current 
data regarding their management and treatment 
comes mainly from registries and scarce registry-
based meta-analysis. Modern invasive therapies 
for ventricular arrhythmia treatment and sudden 
cardiac death prevention have been applied 
empirically, in the absence of specific large ran-
domized trials, with overall good clinical results, 
as confirmed also by registries.

23.2.1	 �Arrhythmogenic Right 
Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopa-
thy (ARVC) is considered a genetic disorder, 
with mainly an autosomal dominant pattern of 
transmittance and a variable penetrance of 
20–30% [1]. Most mutations affect proteins com-
posing desmosomes–intracellular adhesion com-
plexes that provide mechanical connections 
between cardiac myocytes [2]. Disrupted inter-
cellular connections result in myocyte cell death 
and an inflammatory repair process, leading to 
the development of fibrolipomatous (fibrofatty) 
lesions within the myocardium [3]. Fibrofatty tis-
sue progressively replaces the normal myocar-
dium resulting in localized (micro-aneurysm) or 
generalized dilatation of the right ventricle (RV) 
and myocardial wall thinning in the dilated 
regions. The initially described sites of RV 
involvement included the RV inflow tract, the RV 
outflow tract, and posterolateral LV—character-
izing the so-called “triangle of dysplasia”. 
However, recent data has shown that RV apex is 
typically affected only during late-stage disease, 
thus rendering the triangle concept moot [4].

ARVC is a progressive disease during which 
RV myocardium replacement by fibro-fatty tis-
sue alternating with residual viable myocardial 
cell leads to inhomogeneous and arrhythmo-
genic scar formation, as well as right ventricular 
systolic dysfunction, in late-stage disease. 

While the disease may remain asymptomatic for 
a long period of time, the most common symp-
toms include palpitations (67%) and syncope 
(32%), related to ventricular arrhythmias [5]. 
Sudden cardiac death (SCD) can be the first 
clinical presentation of the disease and ARVC is 
an important cause of SCD in young adults 
(11% overall; 22% in athletes in a study from 
Northern Italy) [6].

Ventricular arrhythmias range from isolated 
ventricular premature complex (PVC) to sus-
tained ventricular tachycardia (VT). The most 
common ventricular arrhythmia is VT originat-
ing from the RV (inflow/outflow tract or apex) 
therefore manifesting a left bundle branch block 
(LBBB) morphology [7] (Fig. 23.1).

Ventricular arrhythmia burden appears to be 
correlated with disease severity—as studies 
have reported a prevalence of 100% in patients 
with severe ARVC as opposed to 82% in those 
with moderate and 23% in those with mild dis-
ease [8]. Malignant ventricular arrhythmia may 
be exercise-induced in ARVC, therefore ARVC 
patients should avoid competitive and endur-
ance physical exercise [8]. Severe RV involve-
ment may lead to specific ECG changes—the 
epsilon wave in V1, negative T waves V1–V3 
(Fig. 23.2) [9].

ARVC should be suspected in patients pre-
senting with VT of LBBB morphology in the 
absence of apparent heart disease, in patients 
with multiple right sided PVCs and VT inducible 
during electrophysiology study (EPS), and in 
patients with exercise induced VT or SCD [10].

Diagnosing ARVC can often be challenging 
and relies on a 2010 revised task force criteria 
(minor/major; six categories) [9]. Cardiac MRI 
has gained significant importance in ARVC eval-
uation, as it offers information useful to differen-
tial diagnosis and may guide endo-myocardial 
biopsy when necessary.

With the advent of SCD prevention by inter-
ventional procedures life expectancy in ARVC 
has improved significantly. Treatment relies pri-
marily on SCD prevention by implantable cardio-
verter defibrillator (ICD) implantation. A 2013 
meta-analysis has demonstrated that cardiac and 
non-cardiac annual mortality rates are low in 
ARVC patients after ICD implantation (0.9%; 
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0.8%, respectively). Appropriate ICD therapies 
occur at a rate of 9.5% per year while inappropri-
ate interventions occur at a rate of 3.7% per year 
and are associated with considerable ICD-related 
morbidity [11].

Electrophysiology study with ablation for VT 
and substrate modification plays an important part 
in secondary prevention, especially in the setting 

of recurrent drug-refractory VT or VT storm. Its 
role in ARVC patients with low arrhythmia bur-
den or in primary prevention remains to be 
defined, due to the progressive nature of the dis-
ease [12]. A recent meta-analysis has shown that 
VT ablation in ARVC patients is feasible with a 
high acute and long-term efficacy. Pooled esti-
mate of acute efficacy was 96% (95% confidence 

Fig. 23.1  Right ventricle free-wall tachycardia in a patient with ARVC

Fig. 23.2  Sinus rhythm with discrete epsilon wave in V1 (same patient as in Fig. 23.1, following cardioversion)
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interval: 87–100%) for endocardial ablation strat-
egy and 98% (95% confidence interval: 91–100%) 
for endo-epicardial ablation strategy. Pooled esti-
mate for long-term efficacy with endo-epicardial 
ablation strategy (82%, 95% CI: 72–90%) was 
numerically higher than individual endocardial 
ablation strategy (63%, 95% CI: 51–74%) [13]. 
Beta-blockers and sotalol represent the first line 
of pharmacological treatment, while amiodarone, 
which has also proven its efficacy, should remain 
a second line option [14].

Recent data suggested that atrial remodeling 
and atrial tachy-arrhythmias may be common in 
ARVC [15]. Atrial fibrillation was shown to be a 
predictor for lethal arrhythmias at follow-up in 
ARVC patients [16]. Further studies are required 
to determine the role of atrial tachyarrhythmias in 
ARVC. [For further details, see specific chapter 
on ARVC].

23.2.2	 �Cardiac Sarcoidosis

Sarcoidosis is a systemic disease of unknown eti-
ology, with non-caseating granulomatous lesions 
formation that can affect any organ within the 
body, including the heart. Cardiac sarcoidosis 
can rarely be diagnosed alone, precede, follow or 
occur simultaneously with another organ involve-
ment (usually the lung) [17]. Initial small registry 
studies suggested a low prevalence (5–10%) of 
cardiac involvement during sarcoidosis. Autopsy 
studies showed subclinical cardiac involvement 
in up to 25% of sarcoidosis patients [18].

The sarcoid inflammatory process results in 
scarring most commonly of the interventricular 
septum, left ventricular posterior and anterior 
wall, and right ventricle [19]. Isolated cases of 
RV involvement alone have been reported [20].

Depending upon the location and extent of the 
granulomatous lesions, clinical manifestations 
include conduction abnormalities, tachyarrhyth-
mias, cardiomyopathy, congestive heart failure 
and SCD [21].

Complete heart block is the most common 
finding in sarcoidosis patients with symptomatic 
heart involvement. Heart block in sarcoidosis 
occurs at younger ages by comparison to other 

etiologies [22]. Other types of conduction disor-
ders (first degree atrio-ventricular block, intra-
ventricular conduction defects) are also common, 
and may progress towards symptomatic complete 
heart block.

Ventricular arrhythmias (VT (sustained and 
non-sustained) as well as VPCs) are the second 
form of presentation in symptomatic cardiac sar-
coidosis. Myocardial sarcoid granulomas may 
present abnormal automaticity or triggered activ-
ity related to inflammation; however, the most 
likely mechanism is macro-reentry around areas 
of granulomatous scar. Ventricular arrhythmia 
was present in up to 22% patients with sarcoid-
osis [22]. It was suggested that corticoid treat-
ment may convert granulomas to scar tissue, 
contributing to the formation of ventricular aneu-
rysms, potentially mimicking ARVC [23].

In addition, other types of arrhythmias have 
been associated with cardiac sarcoidosis includ-
ing sinus arrest secondary to granulomatous 
involvement of the sinus node, atrial fibrillation 
and atrial flutter [24].

Sudden death due to complete heart block or 
malignant ventricular arrhythmias accounts for 
25–65% of death secondary to cardiac sarcoid-
osis [22, 23].

Diagnosing cardiac sarcoidosis can be very 
challenging depending upon clinical manifesta-
tion and concomitant organ involvement. 
Advanced cardiac imaging (cardiac MRI or 
FDG-PET) and biopsy (extracardiac or guided 
endomyocardial biopsy) are required [25].

Cardiac sarcoidosis may present similar fea-
tures to ARVC, including the epsilon wave /RV 
VT, and can fulfil the task force criteria for ARVC 
[26]. Establishing a differential diagnosis is 
important because the management differs sig-
nificantly between the diseases (immuno-
suppressive therapy versus family screening in 
ARVC). Besides guided endomyocardial biopsy, 
cardiac MRI studies have shown that left ventric-
ular septal involvement could only be seen in car-
diac sarcoidosis [25].

Device implantation is the mainstay treatment 
for cardiac sarcoidosis related life-threatening 
arrhythmias. When considering a patient with 
cardiac sarcoidosis and acquired heart block for 
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device implantation, a recent HRS consensus 
suggests an ICD to be taken into consideration 
instead of regular permanent pacemaker [25]. 
While studies have shown that immunosuppres-
sion, anti-arrhythmic drugs and ablation therapy 
may play a role in ventricular arrhythmia man-
agement, ICD implantation remains the first line 
of therapy for secondary prevention as well as 
primary prevention. When considering patients 
with cardiac sarcoidosis for an ICD in primary 
prevention, cardiac MRI (presence/absence of 
late gadolinium enhancement (LGE)) and elec-
trophysiology study (VT inducibility) have been 
proven excellent tools for risk stratification [25].

A recent meta-analysis has shown that among 
patients referred to MRI for known or suspected 
cardiac sarcoidosis, the presence of LGE was 
associated with the occurrence of ventricular 
arrhythmia (5.9% per year in LGE positive versus 
0% per year in LGE negative patients; relative 
risk 19.5, p = 0.003) and cardiovascular mortality 
(1.9% per year in LGE positive versus 0.3% per 
year in LGE negative; relative risk 10.7, p = 0.03) 
[27]. So cardiac MRI not only holds positive and 
differential diagnostic value, but also has prog-
nostic value in patients with cardiac sarcoidosis.

23.2.3	 �Myocarditis

Myocarditis is an inflammatory disease involving 
the myocardium, that can be produced by a vari-
ety of causes (infectious, immune-mediated, 
toxic). In developed countries, viral infection is 
presumed to be the most frequent cause. Despite 
histology remaining the gold standard for diag-
nosis (the Dallas criteria) [28], low-risk patients 
are often presumed to have myocarditis based on 
a clinical scenario suggestive for new onset 
inflammatory cardiomyopathy and cardiac MRI.

Clinical presentation varies from subclinical 
to acute coronary syndrome—like, heart failure, 
cardiogenic shock, arrhythmias and sudden death 
[29]. It usually involves the left or both ventricles 
as well as the atria.

Isolated right ventricular myocarditis has been 
reported [30]. Several case reports have high-
lighted the importance of early diagnosis in this 

setting. If not recognized and untreated, it may 
progress to serious sequel and death—due to 
arrhythmic complications or heart failure.

23.2.4	 �Brugada Syndrome

The Brugada syndrome is an autosomal dominant 
genetic disorder, more commonly affecting men 
than women, characterized by abnormal findings 
on the surface electrocardiogram (ECG)—the 
presence of a pseudo right bundle branch block 
with persistent ST segment elevation in leads V1–
V2. It is associated with an increased risk of ven-
tricular tachyarrhythmias and SCD.

Several factors are considered to contribute to 
the electrocardiographic and clinical manifestations 
in the Brugada syndrome: mutations involving the 
cardiac sodium channel SCN genes, right ventricu-
lar abnormalities, autonomic tone, fever and the use 
of cocaine and other psychotropic drugs.

Sodium gene mutations result in a loss of 
function which reduces the duration of normal 
action potentials. Ventricular arrhythmias proba-
bly result from the heterogeneity of myocardial 
refractory periods within the right ventricle. The 
heterogeneity results from the presence of both 
normal and abnormal sodium channels within the 
same tissue (mainly RV) and from the differential 
impact of sodium current on the three myocardial 
layers [31].

Despite usually presenting without apparent 
structural heart disease, the Brugada syndrome 
has been shown to be associated with micro-
scopic structural abnormalities, including inflam-
mation and fibrosis, commonly affecting the RV 
outflow tract (RVOT) [32]. Noninvasive ECG 
mapping has shown delayed activation, slow con-
duction, and steep repolarization gradients 
between the RVOT and the rest of the RV, further 
supporting the role of the RVOT as the primary 
location of abnormal electrophysiologic substrate 
in the Brugada syndrome [33]. The main mecha-
nism for ventricular arrhythmias is considered to 
be phase 2 reentry, which may precipitate sus-
tained, usually polymorphic, VT.

Atrial fibrillation seems to be more common 
in Brugada patients and appears correlated with 
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higher risk for future ventricular tachy-
arrhythmias [34].

The main treatment for SCD prevention in the 
Brugada syndrome is ICD implantation, for sec-
ondary prevention or primary prevention in high 
risk patients. Defining high-risk patients for pri-
mary ICD prevention remains a challenge. The 
clinical features—presence of symptoms (syn-
cope) and spontaneous type 1 ECG pattern, are 
important determinants of arrhythmia risk [35]. 
The use of EPS for SCD risk stratification 
remains questionable, especially in non-high-risk 
profile patients. Recent meta-analysis has shown 
that positive programmed ventricular stimulation 
is associated with future ventricular arrhythmia 
risk, and the induction with fewer extra stimuli is 
associated with higher risk. However, clinical 
risk factors were also important, and the negative 
predictive value was poor, particularly in patients 
with high-risk clinical features [35].

Drug therapy with quinidine or amiodarone 
can be useful for preventing recurrent VTs result-
ing in ICD therapies or in patients who refuse the 
ICD [36].

23.3	 �Congenital Heart Diseases 
Affecting the Right Heart, 
Associated with Increased 
Risk for Arrhythmia

A significantly increasing number of patients 
with congenital heart disease are surviving to 
adulthood. This has led to the appearance of 
novel complications secondary to the underlying 
congenital heart disease, related surgical inter-
ventions and associated comorbidities. A recent 
large North-American registry analysis has 
shown that around 25% of admissions in adults 
with congenital heart disease are associated with 
arrhythmia. The most prevalent arrhythmia in 
grown-ups with congenital heart disease (GUCH) 
was atrial fibrillation (86%) followed by atrial 
flutter (20%). The largest arrhythmia burden was 
observed in those with tricuspid atresia (59% 
prevalence) followed by Ebstein’s anomaly (39% 
prevalence) [37]. SCD, mainly secondary to 
malignant ventricular arrhythmias, has been 

identified as main mode of death in some catego-
ries of GUCH after corrective surgery. ICD 
implantation is the main treatment for GUCH 
surviving a cardiac arrest, after exclusion of 
reversible causes (IB). Current guidelines give a 
class IC recommendation to EPS with catheter 
ablation in GUCH with spontaneous sustained 
VT.  Surgical resection of arrhythmogenic sub-
strate can also be taken into consideration [38].

23.3.1	 �Surgically Corrected Tetralogy 
of Fallot

Surgical correction for the tetralogy of Fallot 
(TOF) has been successfully performed for over 
40  years. Studies have shown that SCD is the 
most common mode of death in patients with sur-
gically corrected TOF [39]. There is a significant 
increase in mortality after 25 years following sur-
gical correction for TOF, from 0.24% to 0.94% 
(p  =  0.003), mainly related to RV malignant 
arrhythmias [40]. Still, the absolute rates remain 
small. While ICD implantation is clearly recom-
mended for secondary SCD prevention (aborted 
SCD) in the absence of identifiable reversible 
causes [12], risk stratification for primary pre-
vention remains a challenge.

Factors associated with higher arrhythmic risk 
after surgically corrected TOF are summarized in 
Table 23.1 [41].

However, a multivariable analysis showed 
only NSVT and left ventricular end-diastolic 
pressure ≥12  mmHg to be independent 

Table 23.1  Factors associated with higher arrhythmic 
risk after surgically corrected tetralogy of Fallot

Age ≥30 years from corrective 
surgery

Related to surgical 
technique

Ventriculotomy incision

Use of transannular patch

Prior palliative shunt

ECG QRS duration ≥180 ms

Documented non-sustained VT

Electrophysiological 
study

Inducible monomorphic or 
polymorphic VT

Hemodynamic 
features

Left ventricular end-diastolic 
pressure ≥12 mmHg

ECG electrocardiogram, VT ventricular tachycardia
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predictors for appropriate therapies in corrected 
TOF patients implanted with ICD [42]. Sustained 
VT, both monomorphic and polymorphic, induc-
ible by EPS has also been shown to predict future 
clinical VT and SCD [43].

Based on the aforementioned factors, a multi-
parameter risk stratification approach has been 
suggested, classifying surgically corrected TOF 
patients into low (<1% per year), intermediate 
(1–11.5% per year) and high (>11.5% per year) 
risk for SCD. For the intermediate risk category, 
a negative EPS is considered re-assuring, while a 
positive EPS mandates ICD implantation. For 
high risk patients, a negative EPS is not consid-
ered re-assuring enough, and ICD implantation 
should be performed [41]. EPS and VT ablation 
can be successful in surgically corrected TOF 
patients, with both acute [44] and long-term ben-
efits [45], especially in cases of monomorphic 
recurrent sustained VT.  In this setting, current 
guidelines suggest an ICD to be implanted only if 
radiofrequency ablation fails to eliminate the 
tachycardia.

Careful evaluation when considering ICD 
implantation should be performed, as device-
related complication rates are extremely high (up 
to 29%) in corrected TOF patients [42]. The 
advent of the subcutaneous ICD offers new thera-
peutical options in GUCH, especially in cor-
rected TOF patients—with possibly lower 
complication rates and similar efficacy profile by 
comparison with classic ICD, as demonstrated by 
recent data [46].

23.3.2	 �Ebstein’s Anomaly

Ebstein’s anomaly is a rare congenital heart dis-
ease in which the septal and posterior leaflets of 
the tricuspid valve are displaced towards the apex 
of the RV. About 50% of patients with Ebstein’s 
anomaly have evidence of Wolff-Parkinson-
White syndrome with sometimes multiple right 
sided accessory pathways, secondary to atrial-
ized right ventricular tissue [47].

Ebstein’s anomaly has been associated with 
increased risk for sudden death during childhood 
and also in adults [48], not only related to the 

presence of the accessory pathways and increased 
risk for atrial fibrillation, but also secondary to 
malignant ventricular arrhythmia [49]. Surgical 
repair alone is considered insufficient, and 
Ebstein patients should undergo thorough elec-
trophysiological evaluation including EPS, espe-
cially in the presence of Wolff-Parkinson-White 
syndrome [50, 51], where successful radiofre-
quency ablation can significantly reduce even 
normalize the risk for SCD.

23.3.3	 �Atrial Septal Defect

Left-to-right shunts, such as in atrial septal 
defects (ASD), may lead to right-side volume 
overload, pulmonary hypertension and right heart 
cavities remodeling and dilatation. Right atrium 
remodeling may be associated with increased 
risk for typical atrial flutter.

Typical and atypical right atrial flutters are 
common following surgical corrections of ASD.

Radiofrequency catheter ablation of the cavo-
tricuspid is associated with high acute success 
rates and low recurrence rates in the absence of 
significant structural heart disease (with or with-
out previous cardiac surgery) and therefore 
should be recommended as first line therapy for 
typical atrial flutter [52].

Furthermore, long-term follow-up data has 
demonstrated the efficacy of electroanatomic 
guided radiofrequency ablation of late onset 
macro-reentrant atrial arrhythmias in patients 
with surgically corrected ASD. Therefore radio-
frequency ablation should be considered early in 
this setting [53].

23.4	 �Right Heart Arrhythmias in 
the Setting of a Structurally 
Normal Heart

23.4.1	 �Rare Types of Right-Sided 
Accessory Pathways

There are two types of rare accessory pathways 
with typical right-side insertion: Mahaim fibers 
and Coumel type.

23  Arrhythmias in Right Heart Disease



424

Mahaim fibers are defined as decrementally 
conducting connections between the right atrium 
or the AV node and the right ventricle in or close 
to the right bundle branch. They are typically 
responsible for antidromic reentrant tachycardia 
with LBBB morphology, while sinus rhythm 
ECG is usually normal. Rarely, typical right-side 
pre-excitation may be noticed during sinus 
rhythm [54]. Although generally benign, in rare 
cases it can be responsible for tachycardia 
induced cardiomyopathy [55]. Because of atypi-
cal RV insertion, radiofrequency ablation may be 
challenging and require electroanatomic map-
ping support [56].

Coumel type tachycardia refers to perma-
nent junctional reciprocating tachycardia 
(PJRT). It is an orthodromic atrio-ventricular 
reentrant tachycardia through an atypical 
accessory pathway with retrograde decremen-
tal conduction properties usually located in the 
right postero-septal area [57]. PJRT is most 
commonly diagnosed in children but can some-
times be discovered in adults as well [58]. 
Because of the persistent recurrent nature, 
PJRT is associated with increased risk for 
tachycardia induced cardiomyopathy [59]. 
Radiofrequency ablation is usually very effi-
cient and should be taken into consideration 
early during the disease.

23.4.2	 �Right Ventricular Outflow 
Tract Ventricular Tachycardia

Some VT syndromes can occur in normal hearts 
and have a benign prognosis [60]. The most com-
mon origin for idiopathic repetitive monomor-
phic VT is the RVOT. The main mechanism is 
triggered activity and can be adenosine 
sensitive.

The diagnostic work-out in patient with RVOT 
VT is targeted at eliminating any suspicion of 
underlying heart condition (structural heart dis-
ease or channelopathy)—as idiopathic VT 
remains an exclusion diagnosis. The main differ-
ential diagnosis is with ARVC.

The findings in patients with idiopathic VT 
are summarized below:

–– Normal rest ECG between arrhythmia 
episodes

–– Functional studies for left and right ventricle 
should be within limits when assessed in sinus 
rhythm

–– Exercise stress test should be normal—nega-
tive for myocardial ischemia, with no exercise 
inducible arrhythmia

–– Normal coronary angiogram—if considered 
necessary to be performed

–– Cardiac MRI may be normal or reveal mild 
structural abnormalities of the RV, primar-
ily affecting the free wall (focal thinning, 
fatty infiltration, wall motion abnormali-
ties); the significance of these findings 
remain unclear unless they can be seen in 
the RVOT as well [61]

–– RV radionuclide imaging may help distin-
guish between idiopathic VT and dilated 
cardiomyopathy, myocarditis and ARVC 
[62]

–– Endomyocardial biopsy, if performed, should 
be normal

In rare cases, a high arrhythmia burden 
(>20,000  PVCs/day) may lead to tachycardia 
induced cardiomyopathy, in which case differen-
tial diagnosis with dilated cardiomyopathy may 
prove difficult. It is important however to recog-
nize this entity as arrhythmia elimination by 
radiofrequency ablation may result in heart func-
tion normalization [63].

Otherwise the treatment is mainly symptom-
driven and depends upon arrhythmia burden. 
Due to limited efficacy and potential side 
effects of anti-arrhythmic drugs, the main treat-
ment for patients with symptomatic idiopathic 
RVOT VT is radiofrequency ablation, with suc-
cess rates ranging from 80% to 100%, depend-
ing upon the site of origin [64]. Recent 
meta-analysis has shown that radiofrequency 
catheter ablation significantly reduces the num-
ber of PVCs from the RVOT by an average of 
30,089/24-hours (p  <  0.00001) and improves 
left ventricular ejection fraction by a mean of 
10.36 (p < 0.00001) [65], underlining its role as 
first line option for a curative treatment in 
RVOT VT.
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23.5	 �Arrhythmias Secondary 
to Pulmonary Arterial 
Hypertension

Longstanding pressure and volume overload due 
to pulmonary arterial hypertension (PAH) leads to 
electro-anatomical remodeling of the right heart 
cavities and right heart failure. In combination 
with changes in autonomic tone, repolarization 
abnormalities and ischemia, it increases arrhyth-
mogenicity in patients with PAH. Supraventricular 
arrhythmias—usually atrial fibrillation and atrial 
flutter, as well as atrioventricular nodal reentrant 
tachycardia (AVNRT), can occur during the 
course of the disease, and are associated with 
worsened prognosis [66]. Radiofrequency abla-
tion is highly efficient for treating typical atrial 
flutter and AVNRT, with high acute success rates 
(over 80%), resulting in clinical and hemody-
namic improvement; recurrence rates may be 
higher as compared to other heart conditions, 
because of evolving right atrial substrate [66]. 
There is no specific data regarding atrial fibrilla-
tion management in PAH patients.

SCD and RV failure account for almost 2/3 of 
deaths in PAH patients [67]. In contrast with 
patients suffering from left heart disease, malig-
nant ventricular arrhythmias are relatively rare 
events in PAH patients. The main cause for SCD 
seems to be bradycardia and electromechanical 
dissociation. The main prognosis factor in PAH is 
RV function and SCD is more likely to occur in 
the setting of severe RV systolic dysfunction and 
hypoxia [68]. The role of anti-bradycardia pacing 
or ICD has not been established in PAH patients.

�Conclusion

Arrhythmia management in right heart disease 
is based upon assessing the clinical and hemo-
dynamic impact as well as understanding the 
underlying heart disease and substrate. As 
opposed to left heart disease, structural right 
heart disease may be less obvious to diagnose 
and require advanced cardiac imaging–mainly 
cardiac MRI, invasive studies and in some 
cases—endomyocardial biopsy. Differential 
diagnosis for VT originating in the RV is cru-
cial, due to the frequent nature of idiopathic 

RVOT VT and the possible overlap of ARVC 
with cardiac sarcoidosis. Among grown-ups 
with congenital heart disease involving RV, 
those with surgically corrected tetralogy of 
Fallot and Ebstein’s anomaly are at highest 
risk for arrhythmic events, including VT and 
sudden death. Arrhythmia treatment and SCD 
prevention in right heart disease is similar to 
left heart disease and is based on ICD implan-
tation and electrophysiology study with radio-
frequency ablation.
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Pulmonary Thromboembolism

Letícia Oliveira and Edmo Atique Gabriel

Abstract
Pulmonary Thromboembolism is the  clinical 
entity due to the  obstruction of pulmonary 
vessels by venous thrombi, leading to nonspe-
cific clinical manifestations, making it diffi-
cult to early diagnosis. Predisposition results 
from genetic and acquired factors contributing 
to the venous thromboembolism. When the 
diagnosis of Pulmonary Thromboembolism 
(PT) is confirmed and effective therapy is 
instituted, the recurrence of embolism is rare 
and death is usually uncommon, with mortal-
ity rate around 20–30%.

Keywords
Pulmonary thromboembolism · Vessels · 
Diagnosis · Anticoagulation

24.1	 �Introduction

The pulmonary thromboembolism (PT) is defined 
by a pulmonary vein obstruction caused by an 
embolus originating, most commonly, from  the 
deep venous system. By means of the right car-
diac chambers the trombus  reaches the pulmo-
nary vein and can present a nonspecific clinical 
picture, which makes its early diagnosis.

USA has an incidence of 1:1000 individu-
als, and a mortality rate of up to 15% in the first 
3 months. In about 10% of cases, sudden death. 
Its main complication, in long term, is the pulmo-
nary hypertension [1].

Virchow’s triad (Fig. 24.1) is the physiopatho-
logical basis of the PT, and therefore is any state 
that expresses venous stasis, endothelial injury or 
hypercoagulability able to trigger the formation of 
thrombi. In the PT occurs the release of inflamma-
tory cytokines (especially Thromboxane A2 and 
Serotonin) which induces vasoconstriction 
with initial increases of pulmonary vascular resis-
tance after PT, and may be reversed with the use of 
vasodilators. The abrupt increase in pulmonary 
vascular resistance generates the dilation of the 
right ventricle, through the Frank-Starling mecha-
nism. The increased tension on the wall of the right 
ventricle promotes the stretch myocytes. All these 
compensatory mechanisms together generate an 
increase in pulmonary arterial pressure in  the 
attempt to compensate for the pulmonary vascular 
obstruction. Because the properties of the right 
ventricle (thin walls and lack of conditioning) is not 
able to withstand high pressures in the pulmonary 
artery.

Because of dyssynchrony between the ventri-
cles, it might install a right bundle branch block, 
with the reduction in preload for left ventricle, 

L. Oliveira (*) · E. A. Gabriel 
União das Faculdades dos Grandes Lagos 
(UNILAGO), São José do Rio Preto, SP, Brazil

24

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73764-5_24&domain=pdf


430

that won’t be able to keep a good cardiac output, 
culminating with the installation of hypotension 
and shock causing hemodynamic instability to 
the individual.

Respiratory failure in pulmonary embolism is 
predominantly hemodynamics. The low cardiac 
output results in desaturation of mixed venous 
blood. In addition, the flow in clogged vessels, 
combined with overflowing in the capillary zones 
served by vessels that are not blocked, ventilation-
perfusion mismatch contributes to hypoxemia. In 
about a third of patients, the right-to-left shunt 
foramen ovale can be detected by echocardiogra-
phy: this is caused by a pressure gradient reversed 
between the right atrium and the left  atrium 
that can lead to severe hypoxemia and an increased 
risk of paradoxical  embolization and stroke. 
Finally, even if it doesn’t affect the hemodynam-
ics, small distal emboli may create areas of hem-
orrhage resulting in hemoptysis, pleuritis and 
pleural effusion, which usually is mild. This clini-
cal presentation is known as pulmonary infarc-
tion. Its effect on gas exchange is usually light [2].

Individuals who are in the fourth decade of 
life have an increased risk when compared to 
younger people. Environmental and genetic 
factors are involved in the genesis of the 
PT.  The most common risk factors include: 
smoking, male, obesity, cardiac arrhythmias, 
heart failure, difficult surgery, neurological 
patients (spinal cord injury, traumatic brain 
injury, cerebrovascular accident), patients with 

long immobility, women in oral contraceptive 
use within the last 6  weeks–3  months, post 
menopause in use of hormone replacement 
therapy, some types of cancers, thrombophilia, 
previous episodes of PT or deep vein thrombo-

Table 24.1  Risk factors for pulmonary thromboembolism

Risk factors (relative risk between 5 and 20)
Surgical Abdominal or pelvic surgery, 

large
Hip prosthesis or knee
Need for ICU postoperatively
Multiple trauma/spinal cord 
trauma

Obstetric Pregnancies
Cesarean delivery
Puerperium

Problems in lower 
limbs

Fracture
AVC with paralysis of limbs

Malignancy Abdominal or pelvic neoplasm
Advanced or metastatic disease
Chemotherapy

> Immobility 
3 days

Hospitalization
Institutionalization

Thrombophilia Antithrombin deficiency
Protein C deficiency
Protein S deficiency
Antifosfolipideo syndrome
Homozygous factor V Leiden
Homozygosity for prothrombin 
gene mutation

Other Previous embolic event
Minor risk factors (relative risk between 2 and 4)
Cardiovascular 
diseases

Congenital heart diseases
Congestive heart insufficiency
Age
Superficial thrombophlebitis/
varicose veins
Central venous catheter

Estrogens Oral contraceptive
Hormone replacement therapy

Thrombophilia Heterozygosity for factor V 
Leiden
Heterozygosity for prothrombin 
gene mutation
Hyperhomocisteinemia

Other Exacerbation of COPD
Neurological deficiencies
Occult malignancy
Extended trips
Obesity

Adapted of J Bras Pneumol. v. 36

Stasis of
blood flow

Endothelial
injury

Hypercoagulability

Fig. 24.1  Main risk factors for the development of pul-
monary thromboembolism
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sis (DVT), among others. In the table below are 
listed the main risk factors according to the risk 
presented (Table 24.1).

The clinical picture is variable, and  it may 
present as a finding in asymptomatic patient or 
in sudden death cases with the presence of mas-
sive emboli. The most common symptoms are 
chest pain, tachycardia and dyspnea. However 
they have  low specificity. Conversely,  evidence 
of massive PT include: syncope, hypotension, 
shock, cyanosis, metabolic acidosis and engorge-
ment of the neck veins. The main signs and 
symptoms in PT in order of frequency according 
to some studies [3]  are tachypnea, tachycardia, 
decreased breath sounds, pulmonary rales, fric-
tion, wheezing, hypotension, fever, cyanosis, 
signs of DVT, Homan’s sign.

The diagnosis can be obtained from the clini-
cal history and physical examination wide. 
According to the degree of suspicion some addi-
tional specific examinations  are requested. To 
define the probability of being or not PT some 

scores are used. The most used in our midst is the 
Wells score (below) (Table 24.2):

Some additional tests may be useful for diag-
nosing of PT: electrocardiogram (EKG) and chest 
x-ray may show changes, nonspecific features 
or normal findings. Pulmonary scintigraphy with 
hypoperfusion and preserved  ventilation areas 
suggests pulmonary embolism. In contrast, a nor-
mal scintigraphy makes  the  diagnosis [4]. In 
approximately 50% of cases, a helical computed 
angiotomography can confirm the diagnosis. The 
echocardiography  is useful for the stratification 
of PT severity since it is able to detect right ven-
tricular dysfunction-marker of poor prognosis, as 
we shall see below. Angiography-the ‘gold stan-
dard’-  should be reserved for cases where the 
aforementioned tests were unable to establish the 
diagnosis, because of its invasive nature and risks 
associated with the contrast [5].

The alterations found in pulmonary thrombo-
embolism may be the most diverse. Among them 
can be mentioned: chest x-ray: normal (12%); 
atelectasis (69%); unilateral pleural effusion 
(47%); hypoperfusion area (Westermark sign); 
Hampton sign.

Rare/specific: Palla sign; Diaphragmatic ele-
vation; EKG: changed in 70% cases with  the 
right bundle branch block; axis deviation to the 
right; the default S1Q3T3; T wave inversion in 
the precordial leads (V1–V4); the sinus arrhyth-
mia (sinus catecholamine); arterial blood gases: 
the hypoxemia with respiratory alkalosis; the 
hypoxemia with respiratory acidosis (in massive/
circulatory collapse); the normal PO2 in 18% 
patients.

D-Dimer: its main utility is in association with 
pretests, to remove suspicion  when negative 
diagnosis  persists. Should not be required for 
patients with high clinical pretest probability.

Duplex scan of legs: it makes the diagnosis of 
PT, to DVT; Sensitivity and specificity over 
90% to the proximal venous thrombosis.

Ventilation/Infusion scintigraphy normal: 
deletes PT (25% examinations);

The low or medium likelihood: No diagnosis, 
it pursues research (65% examinations); the high 
probability: diagnosis of PT (10% examina-
tions); Helical computed tomography: Method 

Table 24.2  Two levels DVT Wells score

Clinical feature Points
Active cancer (treatment ongoing, within 
6 months, or palliative)

1

Paralysis, paresis or recent plaster 
immobilisation of the lower extremities

1

Recently bedridden for 3 days or more or 
major surgery within 12 weeks requiring 
general or regional anaesthesia

1

Localised tenderness along the distribution 
of the deep venous system

1

Entire leg swollen 1
Calf swelling at least 3 cm larger than 
asymptomatic side

1

Pitting oedema confined to the 
symptomatic leg

1

Collateral superficial veins (non-varicose) 1
Previously documented DVT 1
An alternative diagnosis is at least as likely 
as DVT

−2

Clinical probability simplified score
DVT likely 2 points 

or more
DVT unlikely 1 point 

or less

Adapted with permission from Wells PS et  al. (2003) 
Evaluation of D-dimer in the diagnosis of suspected deep-
vein thrombosis
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more sensitive for identifying thrombi in the 
main branches, and segmental lobar bronchi. 
Echocardiogram: important for function evalua-
tion of RV (only 30–40% have disorders): the 
increase in the size of right ventricle; the RV 
function; the Tricuspid Regurgitation; the side 
wall of RV Hypokinesia (McConnell); 
Troponins: acute injury to myocytes; Elevation 
smaller and shorter in the PT; Direct relationship 
with severity; >0.07 values: sensitivity—70 to 
65% for disease specific prognosis [6].

Pulmonary Arteriography: “gold standard” 
method for the diagnosing PT with visualization 
of pulmonary circulation, after injection of iodine 
contrast. The main complications of method are 
anaphylaxis and nefro-induced contrast toxicity, 
which can be minimized with proper hydration.

The differential diagnosis of PT includes acute 
coronary syndrome, thoracic aortic aneurysm, 
acute pericarditis, cardiac tamponade, tension 
pneumothorax, pneumomediastium, thoracic 
tumors, fractures of ribs, intercostal neuralgia, 
congestive heart failure,  decompensated acute 
asthma, exacerbation of chronic obstructive pul-
monary disease, tuberculosis, bronchiectasis and 
pneumonia.

General measures aimed at clinical and hemo-
dynamic stability should be instituted as soon as 
possible. Critical patients will need intensive 
care.

Anticoagulation should be undertaken judi-
ciously in patients with PT.

In the treatment of venous thromboembolism, 
intravenous unfractionated heparin (UFH) is the 
most frequent used with proven efficacy of thera-
peutic approach. The subcutaneous injection can 
be the alternative to administration of UFH, how-
ever with much greater variability than the intra-
venous, and should be avoided [7]. The average 
daily dose of UFH in the treatment of venous 
thromboembolism ranges from 24,000 to 
30,000 U in 24 h. Continuous infusion of UFH 
provides greater stability in serum heparin levels, 
with less occurrence of bleeding when compared 
to intermittent administration. The recommended 
strategy uses 80 U/Kg as bolus loading dose, fol-
lowed by a maintenance dose of 18  U/Kg/h, 
which should be adjusted according to changes in 

the APTT.  Intermittent administration, the dose 
of UFH is 5000 U every 4 hours and the APTT 
is evaluated before each dose, until they get sta-
bility, when, then, may be evaluated at larger 
intervals. The treatment time with no fractional 
heparin, usually 5–7  days, coincident with the 
time required to achieve adequate anticoagula-
tion with the use of oral anticoagulants, being 
considered effective and safe strategy. The subcu-
taneous route, when used, requires the same care 
of laboratory control. The dose of unfractionated 
heparin subcutaneously is 17,500 U every 12 h. 
Its  use requires laboratory follow-up through 
evaluations of APTT. The therapeutic goal is to 
maintain serum levels of APTT between 1.5 and 
2.5 times the baseline of patient.

In the treatment of DVT, the use of Low-
Molecular-Weight Heparin (LMWH) is estab-
lished through studies that showed its  efficacy 
and safety when compared to UFH. In PT stud-
ies, although outnumbered, all point in the same 
direction, making the use of LMWH a therapeu-
tic option. Staying in hospitals of patients treated 
with LMWH has been orientation of some stud-
ies, however, in others, outpatient treatment is 
recommended. The dose of LMWH depends on 
PT presentation and should be individualized [8].

Fondaparinux, a factor Xa inhibitor, has been 
shown to be at least as effective and safe as 
unfractionated heparin for the treatment of pul-
monary embolism in hemodynamically stable 
patients and may be considered a therapeutic 
option when is commercially available.

Oral anticoagulants: Coumarins are oral anti-
coagulants that act by inhibiting the synthesis of 
vitamin K-dependent (II, VII, IX and X) coagu-
lation factors, in addition to the anticoagulant, 
protein C and protein S. Laboratory control of 
anticoagulation in patients using oral antico-
agulants is classically performed through time 
measurement and prothrombin activity. The ther-
apeutic objective of the use of oral anticoagulants 
in the treatment of pulmonary thromboembolism 
is to maintain INR between 2.0 and 3.0, a range 
in which good antithrombotic efficacy with a low 
incidence of bleeding was demonstrated. The ini-
tial dose of warfarin is 5 mg/day and may be initi-
ated concomitantly with heparin on the first day 
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of treatment. Doses greater than 5 mg showed a 
small reduction in time to obtain the appropriate 
INR, but, however  with significantly increased 
cases of bleeding. In general, the average time 
to achieve adequate anticoagulation with war-
farin is 5  days, during which time the patient 
should be in concomitant use of heparin. The 
duration of treatment with oral anticoagulants 
will depend  on, fundamentally, the risk factors 
and their possibility of being removed. Patients 
with only those factors considered to be remov-
able, such as the use of estrogen or with a surgi-
cal procedure, may be treated for 3  months, as 
long as they are suspended on exposure to these 
situations. Idiopathic thrombosis, in its first epi-
sode, requires treatment for at least 6 months. In 
patients with recurrent idiopathic thrombosis, or 
in those with non-removable risk factors, treat-
ment may extend for 12 months or longer. The 
therapeutic strategy for cases of thrombophilia is 
individualized according to each specific clinical 
situation [9].

Antithrombinics: ximelagatran is the first 
antithrombin available for oral use and was eval-
uated in patients undergoing orthopedic surgery. 
Ximelagatran showed to be superior to warfarin 
with an equivalent prevalence of bleeding, being 
considered a promising alternative to coumarins. 
Thrombolytics: The use of thrombolytic in the 
treatment of PT has its rational basis based on 
the fact that these drugs are more effective than 
heparin to dissolve the thrombi and, conse-
quently, provide a better clinical result. On the 
other hand, the use of thrombolytic agents may 
induce bleeding, and therefore, its indication is 
limited to subgroups of patients presenting 
greater clinical severity.

The Food and Drug Administration (FDA) 
approved streptokinase in 1977 and, in 1990, tis-
sue plasminogen activator (rt-PA) for the treat-
ment of pulmonary thromboembolism. Patients 
with hemodynamic instability and right ventricu-
lar dysfunction, characterizing massive pulmo-
nary embolism, represent the subgroup of worse 
prognosis, and are indicated for thrombolytic 
use. Despite being considered the best therapeu-
tic strategy for hemodynamically unstable 
patients, only one randomized study showed a 

significant difference in mortality in favor of the 
group receiving streptokinase (1,500,000  U in 
1 h) when compared to the group receiving hepa-
rin. The greatest controversy for the use of throm-
bolytics in PT is in normotensive patients with 
evidence of RV dysfunction, which can represent 
40–50% of cases. In this subgroup, thrombolysis 
improved perfusion on lung scintigraphy, 
RV dysfunction on echocardiogram, and resolu-
tion of thrombus at arteriography, but did not 
reduce mortality when compared to heparin.

Surgery: Embolectomy is indicated in massive 
PE with contraindications for the use of thrombo-
lytic or, more rarely, for those who have not 
responded to thrombolysis and remain unstable 
despite intensive treatment. The best surgical 
result is reserved for cases of subtotal obstruction 
of the trunk of the pulmonary artery or its main 
branches. The mortality of patients submitted to 
embolectomy is high, mainly due to the severity 
of those who perform such procedure.

Vena cava filter: Vena cava filters are indi-
cated for the prevention of PT in patients with 
contraindication to anticoagulation and in those 
who present recurrence of venous thromboem-
bolism despite anticoagulant treatment. In 
patients with severe cardiac or pulmonary dys-
function–situations of high risk of thromboem-
bolism–the vena cava filter is suggested by some 
authors, as well as in those submitted to embo-
lectomy [10].

Conclusions
Heparin should be used in patients with inter-
mediate or high clinical probability, even before 
imaging (C). Low molecular weight heparin 
should be considered in relation to UFH in the 
treatment of patients with hemodynamically 
stable PT, having equal efficacy and safety, with 
greater ease of administration (A) (Fig. 24.2).

The use of thrombolytic agents is indicated 
in hemodynamically unstable patients with 
right ventricular dysfunction (B).

The use of thrombolytic therapy in clini-
cally stable patients with right ventricular dys-
function does not promote a reduction in 
mortality, but may have greater benefits in 
relation to heparin use (B).
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Invasive approach (thrombus fragmenta-
tion and vena cava filter) should be considered 
where there is experience in performing pro-
cedure (C).

Oral anticoagulation should only be initi-
ated in the cases of confirmed PT (C). In the 
oral anticoagulation phase, the ideal INR 
should be between 2.0 and 3.0. When this index 
is reached, heparin can be discontinued (A).

The duration of oral anticoagulation: 4–6 
weeks for temporary risk factor (A); 3 months 
for idiopathic risk factor (A); At least 6 months 
for the other (C).
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Right Ventricular Dysfunction 
in Hypertrophic Cardiomyopathy

Lucian Florin Dorobanţu

Abstract

Hypertrophic cardiomyopathy (HCM) is one 
of the primary diseases affecting the cardiac 
muscle and is characterized by heterogeneous 
genetic, morphological, functional and clini-
cal features. It is the most common genetic 
heart disease, with an estimated prevalence at 
0.2%. Structural abnormalities in the RV are 
present in a great proportion of patient with 
HCM. With advancements of echocardiogra-
phy, and improved diagnosis the percentage of 
RV hypertrophy (RVH) in HCM is augmented 
to 53%. The main common finding in this situ-
ation is the mild ventricular obstruction.

There are no specific symptoms related to 
the RV dysfunction in HCM. There is no dem-
onstrated correlation between the sites and the 
severity of the LV obstruction and the clinical 
symptoms. Therefore, the development of the 
heart failure signs and symptoms, ventricular 
and/or supraventricular arrhythmias or sudden 
deaths are most often impossible to predict. 
There is no specific medical treatment for RV 
dysfunction in HCM. In absence of the signifi-
cant gradient in the LV outflow, the patients 
are treated with “normal” therapy of HCM, 
consisting in beta-blockers and calcium-chan-
nel blockers. In case of significant RV gradi-

ent, surgical intervention has been reported. 
The standard surgical approach consist in 
myectomy (Morrow procedure) and relief of 
the RV gradient by resection and patch 
enlargement. The results are very good, symp-
toms are improved at intermediate-term fol-
low-up and sudden deaths are rare.

Keywords

Right ventricle · Hypertrophic cardiomyopathy  
Right ventricle dysfunction

25.1	 �Introduction

Hypertrophic cardiomyopathy (HCM) is one of 
the primary diseases affecting the cardiac muscle 
and is characterized by heterogeneous genetic, 
morphological, functional and clinical features. It 
is the most common genetic heart disease, with 
an estimated prevalence at 0.2% [1].

HCM is classically considered as a disease of 
the left ventricle, characterized by impaired myo-
cardial function despite increased left ventricle 
(LV) thickness [2]. This hypertrophy usually 
occurs in a nondilated left ventricle in the absence 
of a secondary cause, like systemic hypertension 
or aortic stenosis [1, 3, 4]. Right ventricular 
abnormalities, present in HCM, can be a conse-
quence of a primary cause (sarcomere mutation) 
or a secondary one (ventricular interdependence, 
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afterload changes), knowing the fact that the 
main trigger isn’t certain.

25.2	 �Morphologic Aspects

Myocardial hypertrophy, the classical phenotypic 
presentation of this condition, can be found at 
any location, including the right ventricle [5]. 
This situation is not as rare as it seems. In Teare’s 
original report from 1958 of sudden death in 
young adults with asymmetric hypertrophy, 5 of 
8 patients had right as well left ventricular hyper-
trophy (LVH) [6].

It is clear that nowadays the concept that HCM 
is a disease limited to the LV is changing, so that 
the morphological biventricular involvement is an 
accepted concept. The first information about RV 
abnormalities are based on autopsy case reports 
[6].

Unlike the LV involvement in HCM, it is not 
documented yet if the RV involvement is associ-
ated with specific genetic abnormalities or trans-
mission patterns.

25.3	 �Prevalence

Structural abnormalities in the RV are present in 
a great proportion of patient with HCM [7]. In an 
old study published in 1987, Seo et al. [8] sug-
gested that about 67% of patents with HCM pre-
sented hypertrophied RV wall (Fig. 25.1).

In a larger study of 73 patients, 44% of patients 
presented moderate to mild RV hypertrophy 
(max 12 mm) and only one patient had severe RV 
hypertrophy [7]. This study, one of the first stud-
ies using extensive echocardiographic protocol 
for the assessment of RV morphology, showed 
also the difficulties of obtaining valuable infor-
mation about the anatomy of the RV, due to the 
complex geometry of the RV and the limited 
resolution of echocardiography at that time.

With advancements of this technique, the 
results improved and the percentage of RV hyper-
trophy (RVH) in HCM augmented to 53% [9]. 
The main common finding in this situation is the 
mild ventricular obstruction.

While the clinical, anatomic and genetic het-
erogeneity of the LV abnormalities are well 
described, the extent and the importance of the 
RV abnormalities and dysfunction are not very 
well documented in the literature.

Usually the septum is involved but there is 
also involvement of the anterior, lateral, inferior 
or posterior walls [1, 3, 10]; even the crista termi-
nals may be involved [11].

The incidence of significant RV involvement 
(with an intraventricular gradient greater than 
50  mmHG) (Fig.  25.2) is not very well docu-
mented; published results are offering poor results 
on this topic.

25.4	 �Mechanisms of RV 
Dysfunction

There is no consensus in the way to identify the 
RV dysfunction because there are many patterns 
of involvement of the RV.

Like the LV function in HCM, the RV systolic 
function seems to be at normal values for long 
period of time [12] but the diastolic function is 
abnormal from very early; this findings were 
demonstrated both by echocardiography [13] and 
by cardiac magnetic resonance (CMR) [14].

Thus, knowing that longitudinal shortening gen-
erates 80% of the stroke volume, the assessment of 
the RV longitudinal function, the assessment of the 
longitudinal function is meaningful. There are stud-
ies which demonstrate that RV strain parameters 

Fig. 25.1  RV hypertrophy with midventricular 
obstruction
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were the only RV functional parameters impaired in 
the HCM patients; the usual ones like TAPSE or RV 
FAC were unreliable [9].

There is not a strong relation between RV 
remodeling and the clinical features. Whereas RV 
remodeling is a common process in HCM, there 
are no evidence to determine if this is a primary 
disorder or is secondary to LV dysfunction, the 
sites and/or severity of the LV hypertrophy and 
the secondary pulmonary hypertension. There 
are studies suggesting that RV hypertrophy is 
independently related to the LVH, but the RV 
dysfunction is related to the LV longitudinal dys-
function [7, 9, 12]; these data support the interde-
pendence ventricular function determinism, 
knowing the fact that both ventricles share the 
hypertrophied ventricular septum.

25.5	 �Signs and Symptoms

There are no specific symptoms related to the RV 
dysfunction in HCM. The clinical course of HCM 
is extremely heterogeneous and unpredictable. 
There is no demonstrated correlation between the 
sites and the severity of the LV obstruction and 

the clinical symptoms, and the development of the 
heart failure signs and symptoms, ventricular and/
or supraventricular arrhythmias or sudden deaths 
are most often impossible to predict. There are 
some mechanism like compromised left atrium 
function [15], LV dyssynchrony, impaired LV dia-
stolic function involved in the development of 
heart failure symptoms.

Sudden death is the most common modality of 
death in HCM and occurs more often in young 
asymptomatic or only mildly symptomatic 
patients [16–19]. There is a large agreement 
about the clinical signs indicators regarding sud-
den death in HCM. They are mainly family his-
tory of sudden death, extreme hypertrophy 
(≥30 mm), unexplained syncope, non-sustained 
ventricular tachycardia, abnormal blood pressure 
response to exercise. The low clinical risk profile 
is attributed to patients with mild left ventricular 
hypertrophy (wall thickness <20 mm) and with-
out any risk factor [16–19].

There is no correlation described in the litera-
ture between the sudden death and the RV dys-
function or hypertrophy. There are reports that 
confirm the correlations between RV free wall 
thickness and the severity of heart failure symp-

Fig. 25.2  RV hypertrophy and obstruction (arrow) causing RV gradient
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toms [7, 9], due to the increased RV stiffness and 
fibrosis. So the RV dysfunction contributes to the 
severity of symptoms in HCM.

25.6	 �Diagnosis

Hypertrophic cardiomyopathy is usually sus-
pected because of recent development of dyspnea 
or palpitations, after identifying a heart murmur  
during routine clinical evaluation or a routine 
EKG exam, showing marked electrocardio-
graphic abnormalities [16–18].

Because the definition of HCM is based on 
cardiac morphologic features, and usually the 
patients have no or mild symptoms, cardiac 
imaging often precedes the patient interview.

The diagnosis of HCM is certified by an echo-
cardiographic exam showing a hypertrophied and 
non-dilated LV in absence of other cardiac causes 
of hypertrophy [7, 16] (Fig. 25.3).

Identification of elongated and anteriorly dis-
placed mitral leaflets with important SAM and 
LV outflow obstruction strongly support the diag-
nosis of HCM.

The RV involvement is impossible to suspect 
among the clinical settings; both echocardiogra-
phy and cardiac MRI are useful to show the RV 
hypertrophy.

When RV dysfunction is suspected, both echo-
cardiography and cardiac catheterization are use-
ful to determine systolic and diastolic function, to 
evaluate diastolic pressure and outflow gradients. 
Regarding the echocardiographic assessment of 

the RV function, the RV strain appears to be a 
more effective measurement than TAPSE or RV 
FAC [9].

In recent years, the high resolution of CMR 
has proved to give very useful information; it is 
very useful to determine the RV involvement 
whenever it is suspected.

There are no data regarding the tricuspid valve 
involvement in RV dysfunction in HCM. To our 
knowledge, there is no tricuspid incompetence 
reported due to the morphologic changes of RV 
in HCM. 

25.7	 �Treatment

There is no specific medical treatment for RV 
dysfunction in HCM.  In absence of the signifi-
cant gradient in the LV outflow, the patients are 
treated with “normal” therapy of HCM, consist-
ing in beta-blockers and calcium-channel block-
ers; there is no great experience on this subject 
and appears there are even patients who have not 
responded at this therapy [17].

To our knowledge, there is no septal ablation 
experience in this subject, because is impossible 
to reduce the gradient in both ventricles after 
alcohol injection in septal branches.

Surgical intervention has been reported. In 
1993, Maron [11] reported a first series of five 
patients with HOCM and RV involvement, with a 
RV outflow gradient >50  mmHg in which they 
performed myectomy (Morrow procedure) and 
relief of the RV gradient by resection and patch 
enlargement. The same technique was used in 11 
patients from the same center reported in 2015 by 
Quintana et  al. [20] with good early outcomes. 
Symptoms in this group were improved at 
intermediate-term follow-up and sudden death 
was rare.

In our experience of 31 patients with HOCM 
we had only 2 patients with RV involvement. We 
performed myectomy and mitral valve repair 
with resection of secondary chordae of the mitral 
valve in all patients; due to the fact that the RV 
outflow tract gradient was maximum 40 mmHg, 
we didn’t performed surgical relief of the RV 
gradient.Fig. 25.3  RV hypertrophy in HCM
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Right Ventricular Function 
in Systemic Autoimmune Diseases

Ioan Tiberiu Nanea and Gabriela Silvia Gheorghe

Abstract
Systemic autoimmune diseases  (SAD) can be 
defined as inflammatory diseases with an 
immune mechanism, of unknown etiology, 
involving at least 2 organs or systems. This cat-
egory includes collagen-vascular diseases, vas-
culitides, granulomatous diseases, while 
excluding systemic inflammatory diseases with 
known causes. Cardiovascular changes are 
among the most frequent causes of morbi-
mortality in patients with SAD  by many 
mechanisms, including sustained systemic 
inflammation. Chronic right ventricular 
(RV) involvement in SAD may be due to long-
term left ventricular (LV)  decompensation, 
inflammation and myocardial fibrosis generated 
by the disease itself, pulmonary parenchymal 
changes and/or pulmonary hypertension (PAH), 
chronic repetitive pulmonary embolism. These 
differ in type, prevalence, intensity between the 
various forms of SAD. Systemic sclerosis (SSc) 
is the most frequent disease that causes lung and 
cardiac involvement. SS generates PAH by mul-
tiple mechanisms mainly in the cutaneous 
form, although it induces myocardial perfusion 

defects especially in the diffuse form. The 
RV  involvement occurs earlier in SSc  than in 
other forms of PAH and the prognosis is more 
severe. However, the new cardiac imaging tech-
niques prove the occurrence of the systolic and 
diastolic dysfunction in right and left ventricles 
in cases without established PAH and clinical 
heart involvement. Systemic erythematosus 
lupus (SLE), mixed connective-tissue disease 
(MCTD), Sjogren syndrome (SjS), rheumatoid 
arthritis (RA) determine less often PAH and 
RV  involvement. There are also other mecha-
nisms for the cardiac involvement in SAD, 
like  coronaritis, accelerated atherosclerosis or 
pericarditis.

Keywords
Systemic sclerosis · Systemic erythematosus 
lupus · Rheumatoid arthritis · Pulmonary 
hypertension · Right ventricular function · 
TAPSE · TEI index · Longitudinal strain · 
Longitudinal strain rate

26.1	 �Introduction

Definition. Systemic autoimmune diseases (SAD) 
can be defined as inflammatory diseases with an 
immune mechanism, of unknown etiology, involving 
at least 2 organs or systems [1]. This category includes 
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collagen-vascular diseases, vasculitides, granuloma-
tous diseases (Table 26.1), excluding systemic inflam-
matory diseases with known causes: infectious (such 
as infectious endocarditis), infiltrative (i.e., hemochro-
matosis, amyloidosis), hereditary (such as 
Mediterranean fever), toxic (lead, cocaine, amphet-
amines), iatrogenic (amiodarone, chloroquine) [2].

Cardiovascular changes are among the most 
frequent causes of morbi-mortality in patients 
with SAD, and may take the form of myocardial 
ischemia, arrhythmias, heart failure, accelerated 
atherosclerosis and pericarditis. Sustained sys-
temic inflammation plays a key role in the occur-
rence of cardiovascular involvement [3].

26.1.1	 �Systemic Atherosclerosis 
and Myocardial Ischemia

Chronic inflammation leads to early onset of ath-
erosclerosis and plaque destabilization. Ischemic 
heart disease and chronic inflammatory diseases 
have common inflammation mediators: tumor 

necrosis factor superfamily (TNF), interleukine-1 
family (IL-1) [4, 5]. CD4+28-T lymphocytes are 
present in unstable angina, as well as in some 
patients with RA.  Expression of the immuno-
globuline superfamily of adhesion molecules 
ICAM and VCAM increases on the vascular 
endothelium. Anticardiolipin antibodies, anti 2 
glycoprotein 1 antibodies (Anti 2-GPI) present in 
some patients with SLE, contribute to the rapid 
evolution of atherosclerosis [6]. The nitric oxide 
(NO) availability is reduced, as ascertained by 
the increase of serum asymmetric dimethylargi-
nine (ADMA), the main endogenous NO-synthase 
inhibitor [1]. In these patients, atherosclerotic 
disease occurs at younger ages.

In addition to vascular changes related to ath-
erosclerosis, SAD may induce changes in all car-
diac structures: pericardium, myocardium, 
endocardium, valves.

26.1.2	 �Chronic right ventricle 
involvement in SAD

Chronic right ventricle (RV) involvement in SAD 
may be due to long-term  LV  decompensation, 
inflammation and myocardial fibrosis generated 
by the SAD itself, pulmonary parenchymal 
changes and/or PAH, chronic repetitive pulmo-
nary embolism.

The parenchymal pulmonary changes and the 
vascular pulmonary changes are the most impor-
tant causes of RV involvement in SAD but differ 
in type, prevalence and intensity between the 
various forms of SAD.

•	 Parenchymal pulmonary changes consist of 
various types of interstitial fibrosis and 
changes in pulmonary circulation.

•	 Diffuse interstitial lung changes mostly appear 
in SSc (60% of cases), RA (10–25% of cases), 
polymyositis/dermatomyositis (PM/DM) 
(30% of cases) [3], rarely in SLE, SjS, MCDT 
and very rarely in ankylosing spondylitis (AS) 
[7].

•	 In RA, the most common forms of parenchymal 
pulmonary involvement are nonspecific intersti-
tial pneumonia (NSIP) and cryptogenic organiz-
ing pneumonia (COP), while in PM/DM,  

Table 26.1  Systemic inflammatory diseases [2]

Disease group Examples
Collagen-vascular 
diseases

Systemic erythematosus lupus
Rheumatoid arthritis
Scleroderma
Dermatomyositis
Polymyositis
Mixed connective-tissue 
disease
Sjogren syndrome

Vasculitides
Large-medium 
arteries

Giant-cell arteritis/temporal 
arteritis
Polymyalgia rheumatica
Takayasu arteritis

Medium arteries Polyarteritis nodosa
Kawasaki disease

Small vessel
ANCA 
positive vasculitis

Churg Strauss syndrome
Microscopic polyangiitis
Wegener’s granulomatosis 
(Granulomatosis with 
Polyangiitis)

Non ANCA 
positive vasculitis

Henoch-Schonlein purpura

Rare vasculitis Behcet disease
Buerger disease
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COP is the most common. SSc induces NSIP 
more frequently, as well as usual interstitial 
pneumonia (UIP). SLE produces especially 
diffuse alveolar damage (DAD), along with 
NSIP, UIP.  SjS leads to bronchiectasis and 
lymphoid interstitial pneumonia (LIP), MCTD 
is associated with NSIP and UIP, PM/DM gen-
erate NSIP and organizing pneumonia (OP) 
[7]. The evolution of interstitial fibrosis in col-
lagen vascular disease is milder than in idio-
pathic interstitial fibrosis, probably in 
correlation with the NSIP histological type, 
more commonly encountered and more benign 
compared to UIP, more severe and more com-
mon in idiopathic fibrosis. However, collagen 
vascular diseases complicated with interstitial 
lung fibrosis are associated with increased 
mortality, 20% on average, within the first 
5 years of diagnosis [8].

•	 Other types of lung involvement are also pos-
sible. SLE is commonly associated with pleu-
ral effusion, vasculitis and respiratory 
muscular dysfunction. RA may be responsible 
for the appearance of pulmonary nodules, 
pleural effusion, vasculitis. MCTD may be 
associated with pleural effusion [7].

•	 PAH. Patients with SAD have a higher risk of 
PAH than those without SAD.  PAH appears 
isolated or associated with interstitial lung 
involvement [8]. PAH develops in SSc (10–
33% of cases), especially the cutaneous form 
[5] and also in SLE (5–10%), MCTD, RA, PM/
DM and SjS. PAH develops almost never in AS 
[7, 8]. Histopathological changes in pulmonary 
circulation are similar to those in idiopathic 
pulmonary hypertension (IPAH) [6] but the 
clinical evolution of PAH in SAD may be more 
severe than that of IPAH [8]. In collagen vascu-
lar diseases, vasculitis, is defined as an inflam-
matory process that leads to the destruction of 
the vascular wall by fibrinoid fibrosis, often 
located in small muscular arteries and arterioles 
and capillaries. These lesions appear in SLE, 
RA, PM/DM, MCTD [7]. In SLE, as in SSc, 
the histological changes of the pulmonary 
arteries are similar to those in IPAH: plexo-
genic arteriopathy, medial and intimal prolifer-
ation in the pulmonary arteries and arterioles 
[7, 9], histologically distinct from changes in 

hypoxic pulmonary hypertension, in which 
medial hypertrophy is dominant [7, 9].

•	 Mechanisms of PAH in SAD. PAH develops 
because of an increase in vascular resistance, 
as a consequence of pulmonary arteries 
remodeling, pulmonary capillary rarefaction, 
volume overload, vasoconstriction induced by 
inflammation mediators and hypoxia. 
Pulmonary embolism contributes to PAH 
especially in SLE and in antiphospholipid 
syndrome. Pulmonary vascular resistance 
(PVR) includes arterial, capillary and pulmo-
nary vein resistance [10]. The formula is 
PVR  =  (mPAP  −  PAWP)/CO (with 
mPAP  =  mean pulmonary arterial pressure, 
PAWP  =  pulmonary arterial wedge pressure 
and CO = cardiac output) [10]. Characteristics 
of pulmonary circulation render systolic pul-
monary arterial pressure (sPAP) and diastolic 
pulmonary arterial pressure (dPAP) propor-
tional to mPAP, according to the following 
formulas: dPAP  =  0.36 sPAP; mPAP  =  0.6 
sPAP [10]. Usually, PVR is small and allows 
blood circulation through the lungs at low 
pressure gradients, ranging from 10 to 
15  mmHg [11]. Vascular and parenchymal 
pathological changes lead to an increase in 
PVR. PVR and total pulmonary arterial com-
pliance (TAC) are inversely proportional, and 
their product called arterial time constant is 
constant [10]. The relationship between PVR 
and TAC can be described as a hyperbola 
curve, which explains the more significant 
reduction in TAC when PVR increases from 
normal values, rather than from higher one 
[10]. Thus, the reduced pulmonary artery 
compliance is an early marker of the increase 
in PVR [10]. PVR increases more than 4 times 
before PAH develops [12]. PAH induces 
changes in RV, which depend on the rapidity 
of the development of PAH and its severity.

26.1.3	 �Mechanisms of Chronic RV 
Involvement in SAD

Typically, RV ejection starts after a brief period 
of isovolumetric contraction and early diastolic 
filling is not preceded by isovolumetric relax-
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ation [13]. These differences from the left ven-
tricle (LV) arise because the pulmonary 
circulation operates at low pressure.

RV can intensify its contractility by 4–5 times 
[10].

RV adaptation to the rapid increase of PVR, 
beat by beat, is performed by the Starling hetero-
metric mechanism, involving dilatation and elon-
gation of the sarcomeres.

RV adaptation to chronic increase of PVR is 
due to the homeometric mechanism described by 
Anrep, which involves increasing contractility 
without augmenting RV size [11].

RV contractility is expressed by the relation-
ship between the RV end-systolic pressure and 
the end-systolic volume. The gold standard of 
systolic function is the maximum elastance 
(Emax), or the maximal value of the ratio of pres-
sure to volume. RV afterload is assessed either by 
maximum ventricular wall stress, or by arterial 
hydraulic load [11], which can be evaluated by 
arterial elastance (Ea): Ea = PVR multiplied by 
heart rate. According to Arnet’s law, contractility 
increases as the afterload rises up to a certain 
point. This relationship defines RV-arterial cou-
pling, expressed as the ratio between Emax and 
Ea. The Emax/Ea ratio is a surrogate evaluation 
of RV mechanical efficiency. Sunagawa et  al. 
[11] showed that a ratio between 1 and 2 corre-
lates with normal RV effectiveness. The ratio 
increases as RV boosts its contractility, and the 
optimal energy transfer from RV to the pulmo-
nary circulation happens when Emax/Ea is 1.5–2 
[11]. Reducing the Emax/Ea ratio signifies 
decoupling the RV and pulmonary circulation.

RV failure in PAH occurs when the RV cou-
pling with its load, represented by pulmonary cir-
culation pressure and/or volume overload, is 
disrupted. In PAH, RV initially increases its con-
tractility by 4–5 times. This occurs by RV hyper-
trophy, which leads to an increase in wall 
thickness, and by changes in muscular properties 
per se. RV hypertrophy modifies its diastolic 
function, as RV becomes rigid. In evolution, 
hypertrophy ceases and stroke volume of the RV 
(RSV) tends to decrease. Maintaining RSV at 
this point involves RV dilation. Tachycardia 

occurs, myocardial O2 consumption increases, Ea 
rises and the Emax/Ea ratio decreases. RV decou-
pling initially occurs upon effort, then also at 
rest. Unlike LV failure, RV decoupling occurs 
late in the evolution of pulmonary hypertension. 
RV dilatation and RSV reduction lead to increas-
ing wall tension and RV pressure, inducing 
increased O2 consumption, reduced O2 efficiency 
and changes in cardiac myocytes leading to an 
augmented RV stiffness.

RV O2 consumption is determined by wall ten-
sion and PAP.  O2 consumption increases if RV 
dilates and pulmonary pressure aggravates. O2 
input is limited in pulmonary hypertension. RV 
efficiency decreases by 20–25% with PAH pro-
gression, due to increased O2 consumption. 
Systolic and diastolic relaxation velocities 
assessed by tissue Doppler imaging (TDI) depend 
on myocardial structure, interstitial fibrosis and 
adrenergic receptor density [13].

RV–pulmonary circulation coupling lasts lon-
ger in IPAH than in the PAH of SSc in which RV 
failure occurs earlier, proving an earlier decou-
pling between RV and pulmonary circulation in 
PAH of SSc that could be explained by inflamma-
tion, loss of capillaries, myocardial interstitial 
fibrosis, oxidative stress [12].

Evaluation of the RV function is performed by 
measuring the RV ejection fraction (RVEF), 
RSV, RV end-diastolic volume (RVEDV) and RV 
end-systolic volume (RVESV), RSV/RVEF ratio. 
RSV and RVEF are inversely correlated by the 
formula RSV/RVEF = RVEF/(1 − RVEF). RSV/
RVESV may be a more sensitive indicator for RV 
function in patients with severe PAH [14, 15].

26.1.4	 �Ventricular Interaction

Usually, interventricular interaction in normal 
subjects is negligible. In PAH, ventricular inter-
dependence manifests itself through the paradox-
ical motion of the interventricular septum (IVS) 
and reduced LV filling because of reduced 
RSV.  IVS paradoxical motion is due to the 
lengthening of the RV contraction time versus LV 
contraction time. This generates a hampered LV 
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early diastolic filling. RV contraction continues 
while LV has reached early diastole. The pulmo-
nary valve closes, even if RV has not completed 
its contraction. Post- systolic isovolumetric con-
traction of the RV occurs, which contributes to 
the mechanical inefficiency, as the energy used 
does not serve the guarantee of an antegrade flow. 
Post-systolic isovolumetric time increase in PAH 
correlates with the expansion of wall stress and 
with disease severity. RV dilation in the fixed 
pericardial sack also induces a drop in LV size 
and filling. The decline in LV filling causes a 
decrease in coronary flow and RV ischemia, 
which enhances its mechanical failure. Also, the 
reduced LV filling favors myocyte atrophy, 
inducing heart failure [10, 11, 15].

Increased RV stiffness can be indirectly 
assessed by right atrial (RA) pressure and vol-
ume, as well as by using the strain and strain rate 
techniques.

26.2	 �Systemic Sclerosis

Clinically manifestations of the cardiac involve-
ment occur in 20% of patients with SSc, while 
necropsy documents pathologic involvement in 
as many as 80% of patients. SSc can impair all 
the heart structures. Apparently its impact on RV 
is not due only to the PAH but also there is an 
involvement of the RV independent of pulmonary 
hypertension [13]. Cardiac changes in SSc are 
classified as primary and secondary [13].

Primary changes are due to the involvement of 
the myocardium and microcirculation by sclero-
derma per se, with impaired diastolic function 
and reduced coronary reserve. Functional and 
anatomical coronary microcirculation compro-
mise produces recurrent ischemia and, finally, 
fibrosis, responsible for functional myocardial 
damage. Diastolic function is impaired earlier, 
compared to the systolic function. The epicardial 
coronary arteries are normal.

Secondary damage occurs due to pulmonary 
vascular and interstitial changes, pulmonary cap-
illary and arteriole obliteration, and interstitial 
fibrosis [13]. It leads to pulmonary hypertension 

by increasing PVR due to endothelial dysfunc-
tion, vasoconstriction, vascular remodeling, and 
in situ thrombosis induced by hypoxia, inflam-
mation, acidosis, and high arterial wall tension. 
Ten percent of patients with scleroderma, espe-
cially CREST syndrome, have plexogenic arteri-
opathy in the pulmonary arteries. Pulmonary 
hypertension coexists with interstitial lung 
changes [15].

In both primary and secondary cardiac 
changes, there is LV and RV myocardial fibrosis 
occurring as interstitial deposits, without respect 
to any coronary territory and without a predomi-
nantly subendocardial distribution. In SSc there 
are cardiac alterations in all of the layers and in 
the conduction system of the heart: myositis, 
focal myocardial fibrosis that extends to pericar-
dium, pericarditis, arrhythmias, impairment of 
the conduction system, acceleration of athero-
sclerosis [15]. These changes can occur indepen-
dently of the severity of PAH [15].

According to the general classification of 
PAH, PAH in SSc is classified in the group 1 and 
has the worst prognosis compared to the other 
causes of PAH in this group. The survival time 
from diagnosis is 5 years, compared to 8 years in 
IPAH [9]. The explanation would consist, on the 
one hand, of the more important pulmonary 
arteries stiffness in SSc, and on the other hand, 
of the myocardial changes per se occurring in 
SSc (fibrosis, microcirculation damage). 
Pathological changes of pulmonary circulation 
are similar in IPAH and PAH from SSc: intimal 
hyperplasia, medial hypertrophy, adventitial 
fibrosis, concentric obliteration of small vessels, 
angioproliferative lesions. Less plexiform 
lesions but more intimal fibrosis develop. 
Endothelial apoptosis occurs by activating 
inflammatory cells, expression of adhesion mol-
ecules, procoagulant status. Intrinsic prolifera-
tion and adventitial fibrosis are minimal [16]. In 
PAH from SSc and in IPAH there are anti-fibril-
larin and anti-endothelial antibodies, stimulating 
cellular adhesion and apoptosis; anti-fibroblasts 
antibodies inducing proinflammatory/fibrotic 
cytokine-induced response; growth factors that 
increase collagen synthesis. In SSc, soluble vas-
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cular cell adhesion molecules, vascular endothe-
lial growth factor and angiostatic factors 
suggesting endothelial injury and abnormal 
angiogenesis have been identified in the blood, 
with a possible role in the development of 
PAH. The cardiac index and right atrial pressure 
correlate with survival in IPAH, but not in SSc-
associated PAH.  In SSc-associated PAH, RV 
function is depressed, unlike in IPAH.

Studies have shown poor RV adaptation to 
hemodynamic pulmonary changes in patients 
with PAH due to SSc compared to patients with 
IPAH [15]. SSc patients compared to IPAH 
patients had lower RV contractility as measured 
by end-systolic elastance and the coupling of 
right ventricle contractility with afterload at the 
same PVR, pulmonary compliance and Ea [15]. 
A decrease in RV contractility was noted even in 
patients with SSc without PAH.  It was thought 
that this was due to extended myocardial fibrosis 
in SSc, but Overbeek et al. [16] showed that SSc 
patients did not have more extensive myocardial 
fibrosis, but inflammatory infiltrates compared to 
patients with IPAH.

Vonk et  al. [12] demonstrated than patients 
with SSc and PAH had a similar prevalence of 
RV dilatation and higher prevalence of LV dia-
stolic dysfunction, LV dilatation and pericardial 
effusion comparing to patients with IPAH, whilst 
the LV systolic function was normal in both 
groups [17]. In SSc with PAH the isovolumetric 
contraction time and the isovolumetric relaxation 
time (IVRT) increase and the ejection time 
decreases. Tricuspid annular plane systolic excur-
sion (TAPSE) is significantly lower in patients 
with SSc and PAH versus patients with IPAH at 
the same afterload level [17].

Using TDI technique, the E′/A′ ratio at the RV 
lateral wall was reduced, the isovolumetric relax-
ation time of RV was longer in SSc patients with-
out any other echocardiographic RV and LV 
changes [17]. Through speckle tracking tech-
nique, strain rates were reduced in the RV free 
wall in the basal, middle, and apical segments, as 
well as in the LV free wall, in the basal and mid-
dle segments. Reduced strain rates were also 
noted in patients with SSc but without PAH [18].

Pigatto et al. [19] studied RV diastolic func-
tion by 3D and speckle tracking techniques in 
45 patients with SSc in relation to PAP and 
PVR, compared with 43 healthy subjects. 
Patients had no clinical cardiac manifestations. 
SSc patients had higher RV end-diastolic and 
end-systolic volumes, low systolic RV function 
(TAPSE; fractional area changes), higher sPAP 
and PVR compared to the control group, with-
out reaching the pathological cutoff. The global 
strain and RV free wall strain did not differ 
between the two groups. The authors concluded 
that RV changes in SSc patients occur early, 
prior to symptomatology and are due to the 
increase in PAP rather than to an intrinsic 
change in RV contractility.

Loureiro et al. [20] performed an echocardio-
graphic stress test in 24 patients with collagen 
vascular disease (SSc, CREST, SLE, MCTD) 
with no cardiac changes at rest and showed that 
33% of them developed PAH upon exertion.

Vonk et al. [17] studied the accuracy of TEI 
index for RV in PAH prediction in patients with 
collagen vascular disease. The study group 
included 98 patients with SSc, SLE, MCTD and 
43% of them had a TEI index significantly higher 
than normal. 19 patients out of the 28 patients 
(67%) with PAH proven by catheterization and 1 
patient out of the 7 (14%) without PAH at cathe-
terization had an elevated TEI, above 0.36. The 
myocardial performance index for RV 
(TEI)  >  0.36 has a predictive value in these 
patients.

Giuntta et al. [21] studied RV diastolic func-
tion in 77 patients with SSc and showed that 40% 
of them had abnormalities of RV diastolic filling 
independently of PAP values and LV diastolic 
filling. Diastolic dysfunction correlates with 
scleroderma-induced myocardial fibrosis, which 
is patchy in both RV and LV, does not affect sub-
endocardial layers, does not respect the distribu-
tion of epicardial coronary arteries, is not 
accompanied by ventricular hypertrophy and is 
not associated with hemosiderin deposits.

Rosato et al. [22] studied regional LV dia-
stolic dysfunction in 67 patients with SSc by 
transmitral Doppler, TDI and speckle tracking. 
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They found abnormalities of the transmitral 
E/A ratio in 24 patients, whilst in 41 patients, 
they identified an E′/A′anomaly at TDI and 
the speckle tracking technique documented 
systolic abnormalities of the longitudinal but 
not the radial fibers. The basal segments of LV 
were more affected than the mid segments of 
LV.  The authors found a correlation between 
the E′/A′ abnormalities and the contraction 
abnormalities of the longitudinal fibers. 
Diastolic abnormalities correlated with dis-
ease duration.

D’Andrea et al. [14] studied the diastolic func-
tion of LV and RV, as well as LV and RV strain 
and strain rate parameters in 25 patients with SSc 
versus normal subjects. LV mass, LV diameters, 
TAPSE were comparable between the groups of 
patients. The RV end-diastolic diameter was sig-
nificantly higher in the group of patients with 
SSc. The tricuspid E/A ratio was reduced in the 
group with SSc versus the control group and 
43.2% of the SSc patients with reduced tricuspid 
E/A ration had PAH. TDI of the tricuspid annulus 
showed a reduction in the early diastolic LV fill-
ing velocity and an increase in the regional relax-
ation time, calculated as the time elapsed between 
the end of the systolic wave (Sm) and the begin-
ning of the diastolic E’wave (RTm). The TDI 
technique also showed a prolonged interval 
between the beginning of Q wave (ECG) and the 
beginning of Sm wave (TDI) at the RV level, in 
patients with SSc; Sm velocities were not differ-
ent between the groups of patients. Peak systolic 
strain rate and peak systolic strain at the base, 
middle and apex of the RV lateral wall, as well as 
at the basal and middle segments of the LV lateral 
wall were significantly reduced. A decrease of 
the E′ velocity <0.11 m/s in RV correlated with 
the severity of skin and lung damage. Early RV 
diastolic dysfunction was also correlated with the 
presence of antitropoisomerase antibodies. sPAP 
and pulmonary fibrosis were the only indepen-
dent factors correlated with the reduction of RV 
strain rate [14].

Myocardial scintigraphy showed that SSC 
patients have ventricular perfusion defects [23]. 
The gated myocardial perfusion technique 

SPECT demonstrated diastolic abnormalities in 
SSc patients with normal cardiac perfusion and 
systolic function [23].

The RV ejection fraction evaluated by radio-
nuclide imaging with 99mTc ventriculography 
was reduced in patients with SSC without PAH 
compared to healthy subjects. Scintigraphy with 
thallium 201 and single-photon emission tomog-
raphy showed reversible myocardial perfusion 
defects induced by a cold stimulus infusions and 
effort especially in patients with diffuse SSc and 
anti SCL-70 antibodies [24].

Cardiac MRI is more sensitive than other non-
invasive imaging methods in assessing RV 
changes in patients with asymptomatic SSc. 
Areas of medium-ventricular localized fibrosis, 
in the IVS and in the LV free wall, without 
respecting to any coronary territory, have been 
noted. Myocardial signal intensity in T2 
increases, LV and RV ejection fractions are lower, 
LV diastolic dysfunction occurs, LV kinetic 
abnormalities, RV dilatation and pericardial effu-
sion are documented [24].

We report some original illustrative cases of 
patients with ongoing SSc in which the echocar-
diography documented altered RV function.

By color kinesis images, we noted a reduced 
displacement of the tricuspidian annulus which is 
a sensible criterion for the RV systolic dysfunc-
tion (Fig. 26.1).

We analyzed by speckle tracking technique 
the deformation of the longitudinal muscular 
fibres of the free wall of the RV (Fig. 26.2).

The apical segment of the RV showed a 
reduced systolic longitudinal deformation com-
pared with the basal segments (Fig. 26.3). In nor-
mal persons there is a more important systolic 
longitudinal deformation of the RV basal seg-
ments than of the apical ones [25].

Using color tissue Doppler technique, we 
found in another patient a reduced systolic longi-
tudinal shortening of the basal third of the RV 
free wall (Fig.  26.4). However, the shortening 
velocities of the different segments of the RV free 
wall, including the basal ones, are normal as they 
are evaluated by color tissue Doppler technique 
(Fig. 26.5).
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Fig. 26.1  Color kinesis 
images. There is a 
reduced displacement of 
the tricuspidian annulus 
especially in its septal 
segment (red arrow) in a 
patient with SSc. 
Personal case

Fig. 26.2  RV free wall 
deformation evaluated 
by speckle tracking 
technique in a patient 
with SSc. There is a 
reduced deformation of 
the free wall (white 
arrow) and a paradoxical 
deformation of its apical 
segment (red arrow). 
Personal case
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Fig. 26.3  Speckle 
tracking image 
technique. Reduced 
longitudinal systolic 
deformation of RV 
(plotted white line), 
more important at the 
RV apex (red line) than 
at the RV basal segments 
(yellow line). Personal 
case

Fig. 26.4  Color tissue 
Doppler technique. 
There was a reduced of 
the longitudinal 
shortening of the basal 
third of the RV free wall 
in a patient with SSc 
(white arrows). Personal 
case
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26.3	 �Systemic Erythematosus 
Lupus

SLE affects all the structures of the heart: pericar-
dium, myocardium, endocardium, coronary 
arteries. The most frequently affected structure is 
the pericardium, 43–83% of SLE patients having 
pericarditis, clinically apparent in 25% of 
patients. 97.8% of patients with SLE have pleural 
and lung involvement: pleural effusions (77%), 
bacterial infections (58%), alveolar hemorrhage 
(26%), pulmonary embolism, in patients with 
antiphospholipid syndrome, respiratory muscle 
dysfunction (25%), bronchiolitis (5%). Although 
interstitial pulmonary damage is rare, 38% of 
patients with normal pulmonary radiographs 
have high resolution computed tomography 
exams showing interstitial disease, especially 
UIP, lymphocytic interstitial pneumonitis, NSIP, 
and organizing pneumonia [7, 9]. Atelectasis, 
reduction in lung volume and pulmonary vascu-
lar changes also occur [7, 9], whilst 1–9% of 
patients with SLE have pulmonary hypertension 
associated with plexogenic vasculopathy [6], 
especially in correlation with Raynaud’s phe-

nomena, the presence of anti-ribonucleoproteins 
(anti-RNP) antibodies, antiphospholipid syn-
drome, rheumatoid factor. Twenty percent of the 
necropsy cases have small vessel vasculitides [6]. 
The presence of anti-RNP antibodies is more fre-
quently associated with pulmonary vascular 
changes and pulmonary shrinking [24].

Poorzand et al. [26] studied 45 patients with 
SLE without cardiovascular symptoms versus 25 
healthy subjects by echocardiography for 
5.5 ± 3.4 years. The two groups did not show dif-
ferences in LV, left atrium size, LV ejection frac-
tion, RV systolic function, RV and LV diastolic 
function, and pulmonary artery pressure. The LV 
global longitudinal strain was less in SLE patients 
(−18.56 ± 2.50% vs. −19.89 ± 1.94%, P = 0.028).

Basant et  al. [27] studied by transthoracic 
echocardiography (TTE) and TDI techniques 56 
patients with SLE versus 50 normal subjects, 
revealing diastolic and subclinical biventricular 
systolic dysfunction. LVEF was similar in both 
groups, mitral E′ and A′ were lower in the group 
of SLE patients. TAPSE was lower in the group 
of SLE patients compared to the control group, 
RV E′ and A′ were significantly lower, especially 

Fig. 26.5  Color tissue 
Doppler. The systolic 
longitudinal shortening 
velocities of the different 
segments of the RV free 
wall, including the basal 
ones, are normal in a 
patient with SSc (white 
arrow). Personal case
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in the interventricular septum. Transmitral and 
transtricuspid pulsed Doppler flows showed 
higher A wave velocities in the group of SLE 
patients compared to the control group.

Tektonidou et  al. [28] studied diastolic dys-
function in 164 patients with anticardiolipin anti-
bodies, 56 of whom had SLE, compared to 43 
SLE patients without anti-cardiolipin antibodies, 
29 patients with anticardiolipin antibodies with-
out SLE and 36 normal volunteers. At the tricus-
pid annulus, the E wave deceleration time and the 
isovolumetric relaxatiom time (IVRT) was pro-
longed in all patient groups. The anticardiolipin 
antibodies titer was the most important predictor 
of the aforementioned changes.

Leal et  al. [29] studied by speckle-tracking 
echocardiography RV systolic function in 
childhood-onset SLE and found reduce RV 
global systolic longitudinal strain and global 
systolic longitudinal strain rate comparing with 
the normal subjects. The values of RV longitudi-
nal strain were positively correlated with TAPSE 
and negatively correlated with TEI index.

26.4	 �Rheumatoid Arthritis

PAH is common in RA, but is mild [24]. It is 
rather the consequence of changes in lung paren-
chyma (bronchial dilation in 30–40% of cases, 
ground glass opacities in 15–25% of cases, thick-
ening of the bronchial wall in 12–22% cases, 
parenchymal micronodules in 15–20% of cases), 
than pulmonary vascular changes [24]. Pleural 
effusions also arise. Pulmonary vascular disease 
is the rarest pulmonary complication in 
RA. Fibroproliferative proliferative arteriopathy, 
diffuse alveolar hemorrhage due to pulmonary 
capillaritis rarely develop [24].

26.5	 �Polymyositis/
Dermatomyositis

PM/DM. 50–70% of patients with positive anti-
Jo-1 antibodies and 10% of anti-Jo-1 negative 
patients have interstitial lung changes (ILD), 
especially NSIP and OP [9].

26.6	 �Sjogren’s Syndrom

SjS. SjS causes thickening of the bronchial walls, 
bronchiectasis, air-trapping, interstitial fibrosis, 
interstitial lymphoid pneumonia, subpleural nod-
ules, peribronchovascular, centrilobular, pulmo-
nary hypertension [9].

26.7	 �Mixed Connective Tissue 
Disease

MCTD affects the lung in 20–80% of cases, the 
changes being similar to SSc, SLE, PM/DM: 
NSIP, UIP, centrilobular nodules, honeycombing, 
aspiration pneumonia, PAH.  PAH is the conse-
quence of repetitive pulmonary embolism, plexo-
genic arteriopathy, hypoxic vasoconstriction 
secondary to interstitial changes [26]. The prog-
nosis of PAH in MCTD is similar to that of PAH 
associated with SLE, SSc. The respiratory mus-
cles weakness can induce restrictive ventilatory 
dysfunction, hypercapnic respiratory failure. The 
presence of PAH reduces the 5-years survival rate 
from 96% to 73% [27].

Vég et al. [30] studied 51 patients with MCTD 
versus 30 healthy subjects by TTE and 
TDI.  Twenty of the MCTD patients had been 
diagnosed with PAH over the past 2  years. All 
patients had LV and RV diastolic dysfunction, the 
impaired relaxation type. The LV TEI index was 
significantly increased in the PAH group 
(0.36  ±  0.07) versus non-PAH (0.28  ±  0.04) 
patients. These patients had the RV TEI index 
similar to normal subjects.

Conclusion
SSc causes lung and cardiac involvement, 
generating PAH mainly in the cutaneous form, 
although it induces myocardial perfusion 
defects especially in the diffuse form. PAH is 
produced by multiple mechanisms, and the 
histological changes in pulmonary circulation 
are similar to those in IPAH.  However, RV 
failure by ventriculo-arterial decoupling 
occurs earlier in SSc than in IPAH, and the 
prognosis is more severe. This is explained by 
myocardial histological changes (inflamma-
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tion, fibrosis) developing in SSc and not in 
IPAH.  SLE affects all the structures of the 
heart: pericardium, myocardium, endocar-
dium, coronary arteries and 1–9% of patients 
with SLE have pulmonary hypertension asso-
ciated with plexogenic vasculopathy. There is 
not a specific involvement of the RV in SLE 
patients but some echocardiographic studies 
performed with the new techniques show 
impaired biventricular diastolic and systolic 
function even in patients without clinical car-
diac dysfunction. MCTD can be associated 
with severe PAH by repetitive pulmonary 
embolism, plexogenic arteriopathy, hypoxic 
vasoconstriction secondary to interstitial 
changes. RA is frequently associated with 
mild PAH, rather by changes in lung paren-
chyma than by pulmonary vascular changes. 
PM/DM, SjS determine pulmonary parenchy-
mal changes, PAH, but no specific involve-
ment of the heart.
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Right Heart Involvement 
in Haematologic Disorders

Ana-Maria Vintilă, Mihaela Horumbă, 
and Vlad Damian Vintilă

Abstract

Haematologic patients are set apart by specific 
complications like immunosuppression, 
thrombocytopenia, sometimes associating 
coagulopathy and multiple points of entry for 
infection (central venous catheters and 
mucositis).

The right-sided heart is of particular impor-
tance in this type of patients as it is the pre-
ferred location of both primary and secondary 
cardiac tumours and is more frequently 
affected by radiation therapy due to its more 
anterior position in the thorax.

Chemotherapeutics may determine pulmo-
nary hypertension and thus put a strain on the 
right ventricle.

Moreover, investigation of right-heart 
parameters like tricuspid annular plane sys-
tolic excursion and strain rate may reveal 
early cardiac dysfunction and establish prog-
nosis in cardiac amyloidosis.

Keywords
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ses · Cardiotoxicity · Radiation therapy  
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27.1	 �Cardiac Tumors

Heart tumors are very rare disorders due to par-
ticularities of anatomy and physiology like rhyth-
mic contraction, metabolism, continous blood 
flow and lack of lymphatic drainage. However, 
both primary cardiac tumors, involving only the 
myocardium and pericardium and metastases of 
solid tumors and haematologic malignancies may 
develop. Due to the lower pressure regimen, both 
primary and secondary tumors affect predomi-
nantly the right chambers of the heart. Most 
remain asymptomatic until post-mortem exami-
nation unless they are actively sought for or 
determine heart failure, arrhythmia, ST-T changes 
or B symptoms. Prognosis is poor due to late 
diagnosis, and therapy is limited to palliation.

27.1.1	 �Cardiac Metastases

Except for central nervous system neoplasms, 
every other type of malignancy has the ability to 
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metastasize to the heart—most common are lung, 
breast, oesophagus and pancreatic cancer, malig-
nant melanoma, lymphoma and leukemia [1, 2].

Cardiac metastases are 10–20 times more 
common than primary cardiac tumors with a 
reported incidence of 1.5–13.9% [3]. The low 
overall incidence of cardiac metastases is due to 
several conditions: (1) the strong kneading action 
of the myocardium (2) metabolic particularities 
of striated muscle, (3) the rapid blood flow, (4) 
the lymph flow normally moving away from the 
heart [4–6].

There are various pathways of tumor dissemina-
tion: direct invasion (in the case of lung, mediasti-
nal or oesophageal neoplasms), lymphatic 
(retrograde embolisation may occur in mediastinal 
involvement [2]) or haematogenous metastasis and 
extension through the vena cava or the pulmonary 
veins [3]. Uncommonly, metastatic cells may be 
sequestrated in fibrin networks giving rise to tumor 
thrombi that occupy heart chambers [7].

Cardiac haematological malignancies include 
metastases of Hodgkin and non-Hodgkin 

lymphoma (B or T-cell lymphoma), leukemic 
infiltration (chloroma) and extramedullary mani-
festations of multiple myeloma (cardiac plasma-
cytoma [8]). Onset of cardiac symptoms without 
an evident cause in a patient with known malig-
nancy must raise clinical suspicion over the pos-
sibility of cardiac metastases [2].

Cardiac metastases have a higher incidence in 
patients over 50 years of age, 60  in the case of 
plasmacytoma [8]. Infiltration is associated with 
more advanced disease and, in the case of leuke-
mia, a higher count of blast cells [9].

From a clinical standpoint, heart metastases 
are usually silent though patients may report pal-
pitations, shortness of breath, cough, chest pain 
or pedal oedema [2]. Tumors may generate heart 
murmurs similar to authentic valvular murmurs 
[10] when they become large enough to obstruct 
normal blood flow, pericardial rubs due to peri-
cardial thickening or infiltration of the pericardial 
cavity. Cases presenting with pericardial effusion 
may have diminished heart sounds and examina-
tion reveals serosanguinous fluid [2] (Fig. 27.1).

a b

Fig. 27.1  Computed tomography showing cancer-related 
pericardial thickening and a pericardial nodule. Jeon HW, 
Cho DG, Park JK, Hyun KY, Choi SY, Suh JH et  al. 
Prognostic factors affecting survival of patients with can-
cer-related pericardial effusion managed by surgery. 
World J Surg Oncol 2014; 12(1):249. Copyright © 2014 
Jeon et al.; licensee BioMed Central Ltd. This is an Open 
Access article distributed under the terms of the Creative 

Commons Attribution License (http://creativecommons.
org/licenses/by/2.0), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided the 
original work is properly credited. The Creative Commons 
Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data 
made available in this article, unless otherwise stated
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On the ECG, large nodular lesions may mimic 
myocardial infarction as they displace normal 
cardiac structures, while small nodular tumors 
produce T wave changes emulating chronic isch-
emia [10]. The ECG may also show sinus tachy-
cardia and low voltage—indicative of pericardial 
involvement, atrial flutter and fibrillation or bun-
dle branch block [2] (Fig. 27.2).

Radiographic examination may reveal cardio-
megaly or signs of pericardial effusion [2]. 
Transthoracic echocardiography shows cardiac 
metastases as isoechogenic structures, while 
computed tomography visualizes hypodense 
structures with moderate enhancement after 
intravenous (IV) administration of contrast 
medium. On magnetic resonance imaging (MRI), 
secondary tumors show up as hyperintense on 
T2-weighted images, hypointense or isointense 
on T1-weighted images with enhancement after 
administration of IV contrast medium [8].

According to size, cardiac metastases have 
been grouped into large-nodular (over 1 cm in 
diameter), small-nodular (diameter smaller 
than 1  cm) and solitary globular metastatic 
lesions (structures up to 5  cm in diameter 
clearly delineated from the surrounding  
tissue) [10].

As opposed to primary cardiac tumors, that 
are typically left-sided (except for primary car-
diac lymphoma), cardiac metastases are most 
often found in either the right atrium or the right 
ventricle with sparing of the valves [3] (with the 
exception of metastatic thrombi that may adhere 
to pre-existing valvular lesions [7]).

Microscopic infiltration of the pericardium 
(producing pericardial thickening up to the oblit-
eration of the pericardial space), lymphatic and 
haematogenous embolisation are commonplace 
[10]. Malignant cells invading lymphatic channels 
may give rise to carcinomatous lymphangitis [7].
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Fig. 27.2  Electrocardigraphy showing mild ST elevation 
and T wave inversion in V1–V3 due to cardiac metastases. 
Nakashima Y, Tanioka K, Kubo T, Yamasaki N, Yamasaki 
I, Syuin T et al. Metastatic cardiac tumor from urothelial 
carcinoma detected by transthoracic echocardiography: a 
case report. J Med Case Rep 2015; 9(1):257. Copyright © 
Nakashima et al. 2015. This is an Open Access article dis-
tributed under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecom-

mons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, pro-
vided you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons 
license, and indicate if changes were made. The Creative 
Commons Public Domain Dedication waiver (http://cre-
ativecommons.org/publicdomain/zero/1.0/) applies to the 
data made available in this article, unless otherwise stated
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Macroscopically, heart metastases are firm, 
small and nodular, resembling the primary lesions 
[7]. In lymphoma and leukemic metastases, how-
ever, the lesions are white, homogenous, gelati-
nous masses that adhere to ventricular or atrial 
walls and only seldom to the valves. Microscopic 
examination reveals large cells with a high 
nucleus to cytoplasm ratio, prominent nucleoli 
and amphophilic cytoplasm [11]. In leukemia in 
particular, metastatic cancer cells invade the 
lumen or infiltrate the tissue surrounding blood 
vessels [7].

Chloroma, also known as granulocytic sar-
coma, is leukemic infiltration of soft tissue 
(commonly the skin), lymph nodes and bone, 
occurring before, concomitant with or late after 
a diagnosis of acute myelogenous leukemia 
(AML) has been established [12]. Cardiac chlo-
roma is particularly rare (affecting less than 1% 
of patients with AML [13]). Leukemia and lym-
phoma are the haematological malignancies 
most likely to metastasize to the heart in pediat-
ric patients [14] and cardiac infiltrates have been 
detected in up to 30–65% of leukemia patients 
at autopsy [1, 15].

Chloroma (thus named due to characteristic 
tan-green skin lesions [15]) is made up of masses 
of immature granulocytic cells, with or without 
bone marrow involvement [16]. It may arise from 
any chamber of the heart, with a predilection for 
the right-sided heart like all secondary cardiac 
tumors [17], the pericardium or myocardium. It 
may cause intractable heart failure [13], superior 
vena cava syndrome [12] or mimic myocardial 
infarction [18]. Certain cytogenetic abnormali-
ties like t(8;21)(q22;q22) and inv(16)(p13q22) 
have been cited in association with cardiac chlo-
roma [17].

Treatment is based on chemotherapy or radio-
therapy and may be curative or palliative [13] in 
the attempt to limit life threatening arrhythmia, 
pericardial effusion or ischemia. In selected 
cases, radiation therapy is preferred (especially 
where localised lesions are involved), due to the 
fact that chloroma occurrence is most often a sign 
of drug resistant leukemia [19].

Plasma cell neoplasia may present as plasma 
cell leukemia, extramedullary plasmacytoma 
(EMP), multiple myeloma and solitary plasma-
cytoma of the bone [20]. Extramedullary plasma-
cytoma generally develop in patients aged 50–70, 
with a male predominance [20], mainly in the 
soft tissue of the head and neck, but without bone 
marrow involvement [21]. Overall survival is 
estimated at 100  months and progression free 
survival is longer than in the case of solitary plas-
macytoma of the bone—over 71% of patients are 
progression free at 10 years [22].

Cardiac plasmacytoma is extremely rare. To 
our knowledge, only nine cases have been 
reported. Cardiac EMP has been presumed to dis-
seminate haematogenously thus more commonly 
involves the right atrium; patients present with 
intractable right-sided heart failure, dyspnea and 
cyanosis [23].

Diagnosis is made on microscopic examina-
tion of biopsy specimens. Further evaluation 
must rule out multiple myeloma (absence of 
lytic bone lesions, negative bone marrow 
biopsy, absence of Bence-Jones proteins in 
urine [21]).

Treatment involves surgical excision, radio-
therapy, chemotherapy for multiple myeloma and 
autologous stem cell transplantation [20].

In the assessment of intracardiac masses, the 
differential diagnosis of cardiac metastases 
includes primary cardiac tumors, intracavitary 
thrombi (haematologic patients are more prone to 
develop venous thrombi that may embolize to the 
heart [24]) and infectious endocarditis (though 
rare in haematologic patients, it must be actively 
searched for).

Throughout history, neoplastic spread to the 
heart has been, in most cases, diagnosed post-
mortem, but with the advent of cardiac imaging 
such as echocardiography, CT and MRI, patients 
are more likely to receive treatment. However, the 
prognosis remains poor. The therapeutic approach 
is mostly palliative, with chemotherapy and radia-
tion therapy used to limit further spread and manage 
life threatening symptoms (for example pericardial 
window in large pericardial effusions) [6].
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27.1.2	 �Primary Cardiac Lymphoma

Primary cardiac lymphoma (PCL) is an extremely 
rare entity that, as per the definition provided by 
the Armed Forces Institute of Pathology, involves 
only the heart and the pericardium [25]. Only 
1.3% of primary cardiac tumors [8] prove to be 
PCL, though metastatic involvement of the heart 
by malignant lymphoma, leukemia or multiple 
myeloma [8] is more common, occurring in up to 
20% of autopsy specimens [26].

Usually, primary cardiac lymphoma is located 
in the right chambers of the heart—chiefly the 
right atrium, interventricular septum and some-
times the tricuspid valve [27].

In terms of its origin, PCL has been thought to 
derive from the totipotential mesenchymal cells 
in the heart after suppression of the immune sys-
tem, either through viral infection (HIV, EBV) or 
due to drugs associated with cardiac and renal 
transplant or Hodgkin disease treatment [25, 27, 
28]. Another hypothesis is that PCL is not actu-
ally a primary tumor of the heart but an extrano-
dal metastasis of an otherwise occult systemic 
lymphoma, disseminated through the thoracic 
duct, superior vena cava and into the right atrium 
[29].

Histologically, in immunocompetent hosts, 
most cardiac lymphomas are diffuse large B-cell 
lymphoma [25, 30], while T-cell [31], Burkitt-
like [32], small lymphocytic [29] and plasma-
blastic lymphoma have been described in 
immunocompromised patients [33]. In the case 
of a CD30+ anaplastic and plasmablastic lym-
phoma, Epstein-Barr virus RNA has been 
detected in neoplastic cells.

PCL incidence is equal among men and 
women, though a male predominance has been 
reported in immunocompromised patients [33]. 
Patient age ranges from 14  months to 84  years 
[25], albeit PCL is most commonly diagnosed in 
the fifth decade of life [33].

PCL used to be a postmortem finding—delay 
in diagnosis was due to the few and nonspecific 
clinical signs. The tumor remains mostly asymp-
tomatic until its growth produces a mass effect 

obstructing the right ventricle (RV) ejection tract, 
causes local invasion or pulmonary embolization 
[28]. Depending on tumor location [34], patients 
may present with signs of intractable right-sided 
heart failure (low cardiac output, hypotension 
[35], tachypnea, rapid onset dyspnea, ankle 
oedema, jugular vein distension, with or without 
hepatomegaly [28]), arrhythmia caused by infil-
tration of the conduction system [26], pericardial 
effusion [25] as severe as cardiac tamponade, and 
superior vena cava syndrome [27]. The most 
common ECG findings are tachycardia, various 
degrees of AV block [37], low voltage and non-
specific ST-T changes [31]. Occasionally, 
patients may present with typical “B symptoms” 
like weight loss, fever, night sweats and gener-
alised pruritus [33] (Fig. 27.3).

Common laboratory findings are elevated 
erythrocyte sedimentation rate, C reactive pro-
tein [33] and LDH [30]. In cases presenting with 
pericardial effusion, the analysis of the pericar-
dial fluid may be diagnostic, but most often 
reveals a transudate with negative histology [37]. 

Fig. 27.3  Chest X-ray showing enlargement of cardiac 
silhouette due to pericardial effusion. Kaul P, Javangula 
K.  Burkitt lymphoma masquerading as cardiac tampon-
ade. J Cardiothorac Surg. 2007; 2(1):30. Copyright © 
2007 Kaul and Javangula; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms 
of the Creative Commons Attribution License (http://cre-
ativecommons.org/licenses/by/2.0), which permits unre-
stricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited
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Another source for cytological examination is 
biopsy of either the pericardium or the myocar-
dium [34].

Macroscopically, PCL has been described as a 
mass comprising multiple polypoid, grey-white 
nodules, some with superficial haemorrhagic dis-
coloration [27]. Microscopic examination reveals 
large lymphoid cells containing vesicular nuclei 
with prominent nucleoli [27] and a high mitotic 
index, positive for B-cell markers such as CD45, 
CD20, CD5 and bcl2 and negative for CD3, 
CD68, CD10, CD23 or CD45R0 [28]. There is 
never involvement of lymph nodes or other 
organs [25].

Imaging techniques like echocardiography, 
computed tomography (CT) and magnetic reso-
nance imaging (MRI) may assist in reaching the 
correct diagnosis. Echocardiographic findings 
are hypoechoic structures within the myocar-
dium, and pericardial effusion [38]. 
Transoesophageal echocardiography is superior 
to transthoracic echocardiography [39] and has 
been recommended for the evaluation of intracar-
diac masses [40] (Fig. 27.4).

On CT examination, PCL is isodense to the 
adjacent myocardium. Contrast-enhanced CT 
reveals a heterogeneously enhancing, poorly 
marginated mass, most likely due to clusters of 
lymphomatous cells infiltrating the normal myo-
cardium. ECG gated MRI1 reveals a mass isoin-
tense to cardiac muscle on both T1 and 
T2-weighted imaging [38].

Post-gadolinium T1-weighted sequences 
demonstrate heterogeneous enhancement, which 
may disappear once specific treatment is started 
[38, 41].

Coronary angiography may reveal a displace-
ment of a coronary branch, surrounding an aki-
netic area which corresponds to the tumor itself 
[38], though as a diagnostic method it has poor 
sensibility and specificity [42].

PCL usually has a fulminant evolution that is 
often fatal, though developments in imaging have 
dramatically improved survival [38]. The treat-
ment of choice is chemotherapy with lymphoma 
oriented drug regimens like CHOP (cyclophos-
phamide, doxorubicin, vincristine and predni-
sone) and COPP [34] (cyclophosphamide, 
doxorubicin, procarbazine, prednisone). Patients 
are at increased risk of death days after chemo-
therapy, possibly due to tissue necrosis (in cases 
with myocardial infiltration) and anthracycline 
cardiotoxicity. It appears that avoidance of doxo-
rubicin and use of halved doses of cyclophospha-
mide and adriamycin have a lower risk of sudden 
cardiac death [33].

Though radiation therapy has been attempted 
in association with chemotherapy, no improve-
ment in survival of patients was noted [29]; 
moreover, radiotherapy is associated with an 
increase in tumor volume, probably due to local 
inflammation [33]. Surgery is often difficult and 

1 The isointensity to normal myocardium on T1 and 
T2-weighted imaging and heterogeneity of enhancement 
on MRI are unique to PCL.  Furthermore, MRI has the 
advantage of being able to differentiate between primary 
cardiac tumors: cardiac lipomas have high signal intensity 
on T1-weighted and intermediate signal on T2-weighted 
imaging (similar to mediastinal fat on MRI), fibromas 
have low signal intensity on T1 and T2 -weighted 
sequences (consistent with fibrous tissue), and pericardial 
cysts have low T1 signal intensity and high T2 signal 
intensity (as is the case with simple fluid).

Fig. 27.4  Primary cardiac lymphoma involving the right 
atrium and ventricle. Montoro J, Mattia L, Bertazzoni P, 
Liptrott S, Colombo N, Civelli M et al. Primary cardiac 
lymphoma with isolated parenchymal central nervous sys-
tem relapse: report of two cases and review of the litera-
ture. Ecancermedicalscience 2014; 8. Copyright © the 
authors; licensee ecancermedicalscience. This is an Open 
Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.
org/licenses/by/3.0), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided the 
original work is properly cited
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incomplete due to local invasion and should be 
used only in those cases where intracardiac blood 
flow is compromised by tumor location [32].

PCL has a poor prognosis, partly because of 
its nonspecific symptoms that delay the diagnosis 
and partly due to difficult tumor access [42]. 
Median survival is 7–12 months after the initial 
diagnosis [33], though cases with left ventricle 
involvement have a worse prognosis with overall 
survival of only 1 month [29]. Lack of left ven-
tricular (LV) involvement and presence of 
arrhythmia lead to an earlier diagnosis and are 
associated with better outcomes.

27.2	 �Cardiotoxicity Associated 
with Lymphoma Treatment: 
Radiation Therapy 
and Chemotherapy

Lymphoma treatment includes radiotherapy and 
anthracyclines—a class of drugs known for caus-
ing cardiotoxicity. Both radiation therapy and 
chemotherapy regimens induce left and right 
ventricular remodeling through oxidative stress, 
endothelial dysfunction and accelerated athero-
sclerosis and thus lead to ischemia, fibrosis, cav-
ity dilation and pulmonary hypertension. Though 
fewer traditional cardiovascular risk factors are 
present in lymphoma survivors, cardiovascular 
disease has a high prevalence and coronary artery 
disease, heart failure, constrictive pericarditis and 
valvular lesions are common.

27.2.1	 �Radiation Therapy

It is estimated that around 50% of patients with 
cancer are treated with radiation therapy (RT) 
[43]. Among patients with a history of Hodgkin 
lymphoma, cardiovascular disease (CVD) is the 
main cause of death either through coronary 
artery disease, valvular heart disease, congestive 
heart failure or pericardial disease—conditions 
that may develop up to 19 years after radiation 
therapy [43, 44].

For a long time, the heart had been considered 
a radioresistant organ, considering the premise 

that cardiomyocytes are well differentiated and 
relatively radioresistant cells [45]. With the 
advent of newer diagnostic technology, long 
term consequences are seen in most patients 
treated for childhood mediastinal Hodgkin lym-
phoma. After radiation therapy, healthy cardiac 
tissue is damaged and replaced with fibrosis, 
which leads to a number of complications like 
pericardial, myocardial, valve and coronary 
artery disease [46].

The risk of developing CVD is 3–5 times 
higher in RT treated patients and the odds of hav-
ing a fatal myocardial infarction are up to 3 times 
greater than in radiation naive patients [43, 44].

Cardiovascular side effects depend on cumu-
lative radiation dose, dose per treatment, deliv-
ery technique, volume of irradiated myocardium, 
proximity of tumor to the heart, patient age and 
comorbidities (including coexisting risk factors 
[43, 45]). Exposure to over 15 Gray (Gy) 
increases the risk of heart disease up to six 
times over individuals not exposed to radia-
tion—the current dose for Hodgkin lymphoma 
being 35 Gy [45].

The right ventricle is situated more anteriorly 
in the mediastinum and the right ventricular 
(RV) free wall receives a higher dose of radiation 
than the left ventricle (LV). Hence, right ventric-
ular structure, systolic and diastolic function, 
and strain are significantly impaired after expo-
sure to radiation. The mechanisms behind RV 
remodeling include micro and macrovascular 
ischemia, myocardial fibrosis, accelerated ath-
erosclerosis, endothelial dysfunction and oxida-
tive stress [45, 46].

Radiotherapy-induced endothelial injury 
causes activation of matrix metalloproteinases, 
leading to destruction of the endothelial basal 
cell membrane and accumulation of proinflam-
matory cells at the site of tissue injury, endo-
thelial proliferation and obstruction of the 
microcirculation [45]. Endothelial lesions pro-
duce thrombomodulin, promoting adherence of 
local macrophages and monocytes that gener-
ate cytokines and growth factors (TNF, TGF-
β1, IL-1β, IL 6, IL 8, IGF, PDGF [44, 47]). 
TGF-β1 promotes terminal differentiation of 
progenitor fibroblasts to post-mitotic 
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functional fibrocytes by inducing collagen 
gene expression, thus enhancing collagen pro-
duction and inhibiting catabolism via decrease 
of collagenase activity [47].

Endothelial dysfunction caused by radiation 
therapy is due to reactive oxygen species like 
superoxide and peroxide and activation of NF-kB 
(nuclear factor-kappa B) [48].

Moreover, endothelial injury causes activation 
of the coagulation cascade and formation of 
fibrin deposits. Obstruction of the microcircula-
tion and thrombus formation lead to apoptosis 
and replacement of cardiomyocytes with fibrotic 
tissue, producing a thinning myocardium with 
impaired function [45, 46].

Another mechanism inducing fibrosis of irra-
diated tissue is through impaired nitric oxide syn-
thase expression, which leads to impaired 
endothelial function and vasodilation [44].

As with all cardiovascular diseases, smoking, 
diabetes, hyperlipidemia act as atherosclerosis 
promoting factors, though coronary artery dis-
ease may also develop in patients without tradi-
tional risk factors. Consequently, traditional 
modifiable risk factors should be treated more 
aggressively in patients exposed to radiotherapy 
[44]. Patients at high risk of developing coronary 
artery disease (CAD) should be monitored 
through minimally invasive testing such as com-
puted tomography angiography, single-photon 
emission computed tomography or stress echo-
cardiography [43].

Intimal proliferation of fibrous tissue leads to 
luminal narrowing, and, as opposed to typical 
atherosclerotic changes, mainly affects the vas-
cular media; furthermore, the adventitia is thick-
ened and fibrotic and there is a loss of smooth 
muscle cells in both the media and the adventitia 
[44] (Fig. 27.5).

Radiation damage affects the vascular endo-
thelium of capillaries (causing telangiectasia) 
or larger vessels (leading to thrombosis, inflam-
mation and fibrosis) in the irradiated field and 
may produce histologic alterations of the peri-
cardium, myocardium, valves, peripheral, coro-
nary or carotid arteries [44]. Minimal fibrotic 
changes may lead to an increase in wall rigidity 

and decrease in ventricular compliance, 
whereas advanced fibrosis is more commonly 
associated with symptomatic heart failure [46]. 
Radiation therapy induces vascular damage and 
a decrease in capillary density with the subse-
quent formation of ischemic myocardium 
islands [48].

Chronic oxidative stress through the produc-
tion of free radicals increases the risk of athero-
sclerotic disease development [45]. The time to 
onset of radiation-induced coronary artery dis-
ease (RICAD) is around 82  months. RICAD 
affects younger patients than typical CAD, spe-
cifically survivors of childhood or adolescence 
cancers [44]. It most often involves proximal 
arteries and is associated with perfusion defects 
in non-anatomical territories suggesting small-
vessel damage [43].

Treatment of chronic or acute RICAD is simi-
lar to typical CAD, though coronary artery 
bypass graft surgery is associated with a higher 
incidence of complications as a result of medias-
tinal fibrosis. Moreover, the internal mammary 

Fig. 27.5  Fibrosis of the left anterior descending artery 
after radiation therapy. Taunk NK, Haffty BG, Kostis JB, 
Goyal S.  Radiation-induced heart disease: pathologic 
abnormalities and putative mechanisms. Front Oncol 
2015; 5. Copyright © 2015 Taunk, Haffty, Kostis and 
Goyal. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic prac-
tice. No use, distribution or reproduction is permitted 
which does not comply with these terms

A.-M. Vintilă et al.
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artery may be compromised due to its inclusion 
in the radiation field [44]. Revascularization in 
cancer patients poses problems due to postproce-
dural management requiring antiplatelet therapy 
in patients who often associate bleeding diathe-
ses [49, 50]. Therefore, the use of drug eluting 
stents in haematologic patients must be done 
with caution, only after careful consideration of 
haemorrhagic and thrombotic risks.

CAD is due to vascular endothelial damage 
associated with extensive fibrosis of the adventi-
tia, destruction of the media and atherosclerotic 
luminal narrowing [43].

There have been reports of radiation-induced 
sudden death and its cause may be diffuse fibro-
intimal hyperplasia in all coronary vessels and 
ostial lesions [44], particularly of the left anterior 
descending—as it courses the anterior surface of 
the heart [48].

Valve disease in patients exposed to radiation 
therapy occurs predominantly in the mitral and 
aortic valves, probably due to the higher pressure 
regimens, though tricuspid and pulmonary valve 
disease has also been described. The mean time 
to onset of symptoms is 98 months. Morphologic 
valve alterations include focal dystrophic calcifi-
cation and marked thickening [44].

The conduction system is least commonly 
affected by radiation therapy [51]. Conduction 
system damage leads to nonspecific ST-T 
changes that may resolve spontaneously [52], 
right bundle branch block [44, 46], and infrano-
dal atrioventricular block [53]. The right bundle 
branch is the most anterior structure of the con-
duction system and is thus more severely affected 
by mediastinal irradiation. Right bundle branch 
damage may result either directly from irradia-
tion or as a consequence of local inflammation 
and ischemia. Post-mortem studies have shown 
an increased prevalence of atherosclerosis of the 
atrioventricular (AV) node and marked fibrosis 
of the AV node, AV bundle and both bundle 
branches. One of the most serious manifesta-
tions associated with conduction system damage 
is complete atrioventricular block (AVB) and it 
may occur any time after completion of radiation 
therapy [44].

Radiotherapy-induced AV block is sus-
pected based on several criteria: age of onset 
(AVB in the young usually correlates with RT), 
delay between RT and onset of symptoms 
(after an average of 12  years—dose of radia-
tion), AVB confirmation by electrophysiologic 
study, pericardial involvement and associated 
lesions demonstrating cardiac effects of radia-
tion therapy [51].

Radiation therapy also leads to alteration in 
the pericardium, especially that of the right 
ventricle, either through pericardial effusion 
(an acute effect) or pericardial thickening (at 
least after 18  months) [54]. The RV is a thin 
walled chamber, working under low pressure 
regimens; thus pericardial disease, particularly 
pericardial thickening—constrictive pericardi-
tis—impairs diastolic function, increases RV 
filling pressure and ultimately alters RV sys-
tolic function [45].

Due to their position in the chest, lungs are 
also affected by RT. The effects of radiation ther-
apy on the lung can be either acute—radiation 
pneumonitis—or chronic—pulmonary fibrosis. 
Radiation pneumonitis, the earliest effect of 
radiation, is caused by vasodilation and increase 
in capillary permeability [48], eventually leading 
to a decrease in lung volume and impaired diffu-
sion capacity [47]. Pulmonary fibrosis occurs 
when there is an imbalance between the ratio of 
progenitor cells and postmitotic fibrocytes 
responsible for the synthesis of extracellular 
matrix components like collagen and proteogly-
cans, with subsequent remodeling and progres-
sion of the fibrotic phenotype [47]. As a 
consequence, there is an increase in pulmonary 
resistance and pulmonary wedge pressure lead-
ing to RV remodeling [45], and ultimately RV 
dysfunction (Fig. 27.6).

Cardiac biomarkers like BNP, troponin and 
CK-MB may be used to monitor radiation-
induced cardiotoxicity, though there is conflict-
ing evidence on this aspect. An increase in 
troponin may result from a transient membrane 
leak from cardiomyocytes damaged by radiation, 
while BNP is a sign of myocardial cell inflamma-
tion and residual diastolic dysfunction [52].
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27.2.2	 �Chemotherapy Induced 
Cardiotoxicity

Chemotherapy induces left and right ventricular 
remodeling, including RV fibrosis, dilation, 
decline in systolic and diastolic function and 
impairment of strain. The pathophysiology of RV 
involvement may be a consequence of the direct 
destructive effect of chemotherapy on myocar-
dial fibers, oxidative stress, endothelial dysfunc-
tion or pulmonary hypertension [55].

As new therapies have developed in the treat-
ment of haematologic malignancies, so has over-
all survival increased and with it the incidence of 
long-term chemotherapy-induced side effects. 
Type and extent of myocardial alteration are 
dependent upon various factors like type of che-
motherapeutics used, cumulative dose, associ-
ated radiation therapy, age and comorbidities.

In terms of chemotherapy-associated toxicity, 
two types have been described: type 1 is irrevers-
ible, dose-dependent and associated with 

anthracycline therapy and type 2 is associated 
with the use of trastuzumab (commonly used in 
the treatment of breast cancer).2

The chemotherapeutic agents most commonly 
associated with a decline in RV function are 
anthracyclines, trastuzumab, cyclophosphamide 
and dasatinib [55].

Among antineoplastic drugs, anthracyclines 
(doxorubicin, daunorubicin, epirubicin) are well 
known to cause cardiac toxicity [54]. The mecha-
nism behind anthracycline induced cell damage 
is oxidative stress; thus, reactive oxygen species 
react with iron and produce mitochondrial dam-
age, vacuolar swelling, myofibrillar disarray and 
ultimately cell apoptosis [55].

Topoisomerase IIα is an enzyme involved in 
replication, transcription and chromosomal seg-
regation, thus it is highly active in neoplastic 
cells. As such, antineoplastic therapies, namely 
anthracyclines, have been developed to target 
topoisomerase IIɑ. However, anthracyclines are 
not particularly selective in terms of substrate 
and cross-react with topoisomerase IIβ, a struc-
turally similar isoenzyme with the same catalytic 
mechanism expressed by cardiac myocytes, thus 
explaining the cardiotoxic effects of anthracy-
cline therapy [55, 56].

On the short term, cardiac effects may mani-
fest with nonspecific ST-T interval abnormalities. 
However, on the long run, anthracycline toxicity 
may lead to heart failure, the cardiotoxic effect 
depending on cumulative dose (generally consid-
ered to be over 550 mg/m2) [54].

Up to date, dexrazoxane is the single approved 
agent in providing protection against doxorubicin-
induced toxicity during anthracycline infusions 
and acts by reducing oxidized iron levels [57]. 
Recently, empagliflozin, a selective inhibitor of 
sodium-glucose cotransporter 2, has been shown 
to attenuate doxorubicin induced cardiotoxicity 
in a mouse model [58]. Moreover, carvedilol, a 
nonspecific beta blocker with antioxidant and 
antiapoptotic properties, and ACE inhibitors 

2 As lymphoma and breast and gastric cancer usually 
respond to similar chemotherapy regimens and/or radia-
tion therapy, the two entities have most commonly been 
studied together.

Fig. 27.6  Computed tomography of radiation pneumoni-
tis. Yamashita H, Kobayashi-Shibata S, Terahara A, 
Okuma K, Haga A, Wakui R et al. Prescreening based on 
the presence of CT-scan abnormalities and biomarkers 
(KL-6 and SP-D) may reduce severe radiation pneumoni-
tis after stereotactic radiotherapy. Radiat Oncol 2010; 
5(1):32. Copyright © 2010 Yamashita et  al.; licensee 
BioMed Central Ltd. This is an Open Access article dis-
tributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/
by/2.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work 
is properly cited

A.-M. Vintilă et al.
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(particularly in patients who also associate high 
blood pressure) have been shown as effective in 
managing anthracycline cardiac toxicity.

Cyclophosphamide is an alkylating agent that 
interferes with DNA replication; its cardiotoxic 
effects are caused by a metabolite that induces 
damage in cardiomyocytes and endothelial cells. 
Cyclophosphamide, along with mitomycin C and 
cisplatin are also associated with veno-occlusive 
disease [55]. As opposed to anthracyclines, the 
total dose of an individual course rather than the 
cumulative dose is what produces cardiac side 
effects. Association of anthracyclines with RT 
produces worse outcomes [54]. Fortunately, the 
side effects of cyclophosphamide therapy, isch-
emia leading up to acute myocardial infarction, 
seem to last only up to 6  days after treatment, 
without long-term toxicity in survivors. Cisplatin, 
however, does have long term consequences and 
can cause heart failure or myocardial infarction 
up to 20 years after treatment [54].

Dasatinib is a tyrosine kinase inhibitor 
approved for the treatment of chronic myeloid 
leukemia and acute lymphoblastic leukemia. 
Dasatinib induces endothelial cell damage, oxi-
dative stress and leads to pulmonary hyperten-
sion (tipping the balance in favor of 
pro-proliferative factors of endothelial and pul-
monary arterial smooth muscle cells). 
Discontinuation of dasatinib has been reported to 
improve pulmonary hypertension [55, 59, 60].

Used in the treatment of multiple myeloma, 
thalidomide lowers levels of TNF-β and may be 
useful in the treatment of heart failure. As such, it 
is not known to cause cardiac toxicity and its side 
effects may be managed through dose reduction. 
However, deep vein thrombosis has been 
described in relation to thalidomide treatment 
[54]. Pulmonary embolisation from the affected 
veins could impact right heart function depend-
ing on the severity of the embolism.

Even in patients naive to chemotherapy, RV 
function deteriorates, possibly due to cancer-
related proinflammatory interleukins, reactive 
oxygen species and neurohormonal changes [55].

The right ventricle (RV) is anatomically and 
physiologically different from the left ventricle 
(LV); it consists of two muscle layers (as opposed 

to three), has a larger volume and works against a 
lower afterload. Thus, it is expected that the two 
ventricles behave differently—up to a molecular 
level [61]—after exposure to cardiotoxic treat-
ment [62].

In terms of imaging techniques, means for 
echocardiographic evaluation of right ventricular 
structure and function are less readily available 
than for the left ventricle and the current gold 
standard is cardiac magnetic resonance. However, 
due to its higher cost, it has been less used in the 
evaluation of haematologic patients [45].

RV dimensions do not change in patients 
treated with chemotherapy or radiation therapy, 
but there are slight alterations in function, 
namely: global function—fractional area change 
(FAC), longitudinal function—tricuspid annular 
plane systolic excursion (TAPSE), RV free wall 
strain and peak systolic velocities of the tricuspid 
annulus (s’) [63]. RV free wall strain seems to be 
a more sensitive indicator of subtle dysfunction 
than FAC [64]. RV systolic dysfunction is appar-
ent in patients who have undergone cardiotoxic 
treatment (either by RT or anthracyclines) [63].

TAPSE is reduced in Hodgkin lymphoma sur-
vivors irrespective of the therapy used (radiation 
therapy or anthracyclines). Furthermore, a reduc-
tion in tricuspid s’ was detected in patients who 
had received high-dose radiotherapy (>30 Gy). In 
patients treated with RT, RV FAC and RV strain 
are also lower [62].

The cumulative dose of anthracyclines is not 
associated with RV dysfunction [62] and TAPSE, 
s’ and FAC all remain within the normal range 
[45]. As expected, RV dysfunction is more preva-
lent in patients who also associate left ventricular 
dysfunction [62].

27.3	 �Central Venous Catheter 
Associated Endocarditis

Infective endocarditis (IE) usually involves the 
mitral or aortic valve and in only up to 5–10% of 
cases has been described in relation to right-
sided heart valves—commonly in intravenous 
drug users, alcoholics, burn victims and the 
immunocompromised [65, 66]. Out of all right 
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heart IE cases, only up to 5–10% occur in non-
drug users [65].

The lower incidence of tricuspid valve endo-
carditis correlates with a lower incidence of rheu-
matic involvement of the right heart, lower 
pressure regimens and presence of deoxygenated 
blood [65].

Clinical suspicion is raised when patients 
develop fever, dyspnea, tricuspid regurgitation 
murmurs, evidence of pulmonary emboli—atel-
ectasis, pleural effusion, cavitation and alveolar 
infiltrates [67]—or exhibit vegetations on echo-
cardiography. Moreover, systemic embolisation 
occurs in patients with patent foramen ovale. 
Other clinical signs are mucosal and cutaneous 
lesions (Osler’s nodules, Janeway lesions), 
splenomegaly and splinter haemorrhages [68]. 
Chest X-rays usually reveal multiple infiltrates 
in the lower lobes [65]. Blood culture and Gram 
stain examination are the gold standard for 
diagnosis, but in the case of unculturable bacte-
ria PCR allows for rapid and reliable detection 
[66, 68].

The bacterium most commonly associated 
with central venous catheter (CVC) endocardi-
tis is coagulase-negative Staphylococcus [66], 
though pathogens like Pseudomonas aerugi-
nosa, Klebsiella pneumoniae and Candida spp. 

have been reported in cases of tricuspid [66, 69] 
or pulmonary valve endocarditis [70] 
(Fig. 27.7).

Haematologic patients are particularly prone 
to develop carbapenem-resistant K. pneumoniae 
infections as a result of the chronic use of broad-
spectrum antibiotics, frequent neutropenia, long-
term hospitalization and mucositis induced by 
chemotherapy [71].

Nonbacterial thrombotic endocarditis (NTBE) 
or marantic endocaditis [72] (thus named due to 
its primarily affecting patients with chronic wast-
ing diseases [67]) occurs when valvular endothe-
lial lesions are capped by fibrin and platelet 
deposits stimulated by tissue factor production 
[66]. The thrombus may remain sterile and even-
tually lead to pulmonary embolisation [73] or, as 
with immunocompromised hosts, microorgan-
isms may adhere to the fibrin and platelet mesh 
and generate micro-colonies producing true 
infective endocarditis [70].

Blood culture negative IE accounts for up to 
2.5–3.1% of cases and is due to prior antibiotic 
treatment or colonisation with atypical microor-
ganisms  – common in immunocompromised 
hosts like acute leukemia patients and those 
undergoing myeloablative treatment for stem cell 
transplantation [66].

Fig. 27.7  Tricuspid valve vegetation viewed on trans-
throacic echocardiography. Chesi G, Colli A, Mestres CA, 
Gambarati G, Boni F, Gherli T. Multiresistant-MRSA tri-
cuspid valve infective endocarditis with ancient osteomy-
elitis locus. BMC Infect Dis 2006; 6(1):124. Copyright © 
2006 Chesi et al.; licensee BioMed Central Ltd. This is an 
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In haematologic patients, infection is one of 
the most feared complications as it raises 
mortality either directly or indirectly by delaying 
chemotherapy and thus decreasing its efficiency 
[74]. Central venous catheters are a common 
occurrence in haematologic patients as they are 
used to deliver blood products, drugs, fluids and 
parenteral nutrition, sometimes remaining in 
place for very long periods of time [75]. Active 
search for right-heart endocarditis is warranted 
whenever such a patient develops an unexplain-
able fever.

Central venous catheter placement is a known 
risk factor for infective endocarditis with a 
reported incidence of up to 7–29%, depending on 
catheter type, frequency of manipulation, under-
lying disease, and setting of insertion (CVCs 
placed in an urgent setting have a higher risk of 
colonization due to poor aseptic measures). 
Tricuspid valve injury associated with CVC 
placements poses diagnostic difficulties as it 
occurs in patients without structural heart abnor-
malities [76].

Endocarditis is a rare occurrence among hae-
matologic patients despite the presence of endo-
thelial injury caused by aggressive chemotherapy 
regimens and CVC placement, immunosuppres-
sion secondary to the haematologic disorder and 
its therapy and the existence of points of entry for 
pathogens [70]. However, patients undergoing 
stem cell transplantation are more prone to 
develop CVC-related IE—catheters remain in 
position for longer periods of time, myeloabla-
tive therapy leads to long-lasting neutropenia and 
mucositis and graft-versus-host-disease result in 
mucosal injury and may favour sepsis [72].

The low incidence of EI In haematologic 
patients may be due to the low platelet count pre-
venting thrombus formation and bacterial coloni-
zation. However, thrombus formation in patients 
with a low thrombocyte count [77] may be due  
to endothelial and platelet dysfunction [78]  
and excess of procoagulant factors [79]. 
Underdiagnosis is another possible reason behind 
the low incidence, since fever caused by coexist-
ing factors may hide IE [70].

Long term broad spectrum antibiotic therapy 
and valve surgery are the mainstay of tricuspid 

valve IE treatment, along with CVC removal, 
except for cases where the insertion of a new 
CVC is particularly problematic and the patho-
gen is not highly virulent. In such cases, antibi-
otic therapy is started and the catheter is extracted 
only if fever persists for up to 48–72  h [36]. 
Surgery is indicated in patients with intractable 
right heart failure, persistent sepsis, abscess for-
mation, recurrent septic embolisation [71] and 
failure to control symptoms despite adequate 
medical therapy [69]. In the case of recurrent 
sterile pulmonary emboli—as sterile vegetations 
may continue to embolise into the pulmonary cir-
culation—respiratory distress and pulmonary 
hypertension are reversible over time and surgery 
is not indicated [65].

Vegetation size of over 20 mm, heart failure 
secondary to severe tricuspid regurgitation with-
out response to diuretics and fungal colonization 
are negative outcome predictors and weigh in 
favor of surgery [66]. Timing of the intervention 
is also important and depends on coexisting left-
sided heart failure, cause of endocarditis (the 
presence of a prosthetic valve or pacemaker war-
rant urgent intervention), etiology (fungi and S. 
aureus require more aggressive treatment) and 
toxicity of medical treatment [71]. Valvuloplasty 
without prosthetic replacement of the tricuspid 
valve is the current choice of treatment [65], as 
tricuspid valve replacement requires long term 
anticoagulation that is often contraindicated in 
haematologic patients [71].

27.4	 �Amyloidosis and the Right 
Heart

Amyloidosis is the condition caused by precipita-
tion of insoluble extracellular proteins into β 
pleated sheets [80] of amyloid in tissues and 
organs. Such structures occur in any of the fol-
lowing conditions: immunoglobulin amyloidosis 
(AL), familial or senile systemic amyloidosis 
(ATTR—familial transthyretin associated), sec-
ondary amyloidosis (AA—due to protein A for-
mation)—secondary to chronic inflammationin 
tuberculosis, leprosy, inflammatory bowel syn-
drome—and finally, hemodialysis-associated 
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amyloidosis (β2-microglobulin deposits [81]). 
Chemical, mechanical and electrical stimuli 
cause amino acid substitutions, leading to protein 
instability and eventually to formation of amy-
loid [82]. Moreover, amyloid deposits act as scaf-
folds for further buildup—“amyloid begets 
amyloid” [83].

In the case of AL amyloidosis, monoclonal 
immunoglobulin light chain proteins precipitate 
into amyloid, hence the association with immu-
noglobulin dyscrasias like multiple myeloma, 
B-cell lymphoma and Waldenstrom macroglobu-
linemia [82]. In multiple myeloma, the bone mar-
row is infiltrated with 5–10% plasma cells (less 
than 4% in normal individuals [82, 83]). 
Amyloidosis can exist as a condition in itself or 
may accompany multiple myeloma. 
Differentiation among the two is made by bone 
marrow infiltration, presence of osteolytic lesions 
and monoclonal proteins in urine and serum; 
however, prognosis does not vary and the thera-
peutic strategy is the same [81]. While in healthy 
individuals there is a κ light chain predominance 
(3:1), in multiple myeloma the κ to λ ratio is 3:2, 
and in AL amyloidosis 1:3 [83].

Patients, commonly over 40  years of age, 
complain of weakness, fatigue (due to heart fail-
ure) and weight loss (malabsorption and gastro-
intestinal disturbances caused by amyloid 
infiltration of the gut and autonomic nervous sys-
tem) [83].

The clinical presentation of amyloidosis dif-
fers according to the site of predominant involve-
ment, though all organs, with the exception of the 
central nervous system, seem to be somewhat 
affected. Hepatomegaly is due either to amyloid 
infiltration or right-sided heart failure; macro-
glossia may associate taste disturbances and 
sometimes leads to sleep apnea; dysphonia is 
caused by amyloid infiltration of the vocal chords 
[81]; proteinuria, often of nephrotic range, along 
with hypoalbuminemia and generalised oedema 
characterize amyloidosis of the kidney; neuropa-
thy may be either autonomic, presenting with 
orthostatic hypotension, impotence and diarrhea 
or peripheral, that includes carpal tunnel syn-
drome [83] and has a distal and symmetric distri-
bution; atraumatic, periorbital ecchymoses and 

facial purpura without thrombocytopenia [81], 
occur due to amyloid infiltration of the vascula-
ture; major haemorrhage is rare and is due to 
binding of calcium-dependent clotting factors by 
amyloid [83] (Fig. 27.8).

Laboratory findings include anemia (caused 
either by multiple myeloma, gastrointestinal 
bleeding or kidney disease), elevated creatinine 
and hypoalbuminemia. Serum protein electro-
phoresis and immunoelectrophoresis are highly 
suggestive of amyloidosis or multiple myeloma 
but are not a mandatory finding [81].

The diagnosis of amyloidosis is made through 
examination of biopsy samples (usually abdomi-
nal fat biopsy [81]) with Congo red staining 
under a light microscope. Amyloid has a typical 
apple-green birefringence under polarized light 
[82] (attributed to its β-pleated sheet structure) 
[83] (Fig. 27.9).

In particular, cardiac involvement is common 
in AL amyloidosis due to affinity of lambda light 
chains to cardiac tissue [82]. Clinical signs con-
sist of a restrictive pattern cardiomyopathy (amy-
loid accumulation in the myocardium), 
arrhythmia and conduction disturbance (buildup 
in the conduction system). Moreover, amyloid 
infiltration may also affect the cardiac vascula-
ture through endothelial dysfunction and smooth 
muscle proliferation [82, 84, 85], leading to isch-
emia with subsequent angina or myocardial 
infarction [84] and pulmonary hypertension. 
Consequent to the occurence of restrictive car-
diomyopathy, elevated jugular venous pressure, 
pedal oedema and hepatomegaly are present in 
amyloidosis of the heart [83].

At the onset of cardiac involvement, neither 
the left nor the right ventricle show alterations in 
size or function [83]. Echocardiographic find-
ings in AL amyloidosis consist of uniform thick-
ening and hypokinesia of the septum and the 
posterior wall (with characteristic granular spar-
kling [81]), a decreased LV end-diastolic volume 
and systolic function [84]. Furthermore, right 
ventricle dilation is associated with increased 
wall thickness due to pulmonary hypertension 
and increased afterload as a consequence of 
restrictive patterns of left ventricular filling. 
Diastolic dysfunction of the RV occurs later than 
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alterations in left ventricular function [80, 82] 
(Fig. 27.10).

Doppler myocardial imaging is the most use-
ful tool in estimating systolic dysfunction of the 
right ventricle (RV) early on during the course of 
the disease, even while other echocardiographic 
parameters remain normal. Assessment of tricus-
pid annular plane systolic excursion (TAPSE), a 
measure of longitudinal systolic function, and 
systolic strain of the basal segment of the RV free 
wall are the most accurate means of diagnosing 
right ventricular dysfunction. Moreover, RV sys-
tolic pressure and systolic strain rate of the mid-
dle segment are independent predictors of 
outcome in amyloidosis patients. Furthermore, 

TAPSE and RV free wall thickness are accurate 
in differentiating patients with amyloidosis who 
have cardiac involvement [86].

While in the case of the left ventricle, a cham-
ber with high afterload and low wall excursion, 
strain (longitudinal deformation of the myocar-
dial fibers) offers information on function and 
prognosis, for the right ventricle, a chamber with 
low afterload and high wall excursion, strain rate 
(rate of deformation) is more relevant [86].

Amyloid deposits in the right ventricular wall 
lead to myocardial thickening and diastolic dys-
function. In early stages, increased atrial filling 
velocity (A) with decreased E/A ratio suggests a 
higher contribution of atrial systole to ventricular 

a b

c d

Fig. 27.8  Amyloidosis manifestations: (a) Macroglossia. 
(b) Periorbital ecchymoses. (c) Pseudo athletic appear-
ance due to muscular infilatration. (d) Hepatomegaly. 
Desport E, Bridoux F, Sirac C, Delbes S, Bender S, 
Fernandez B et al. AL amyloidosis. Orphanet J Rare Dis 
2012; 7(1):54. Copyright ©2012 Desport et al.; licensee 
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filling, while in more advanced stages a restric-
tive pattern of diastolic dysfunction develops, 
with shortened deceleration time of the rapid fill-
ing wave velocity (E) and increased E/A ratio. 
Impaired function of the left ventricle leads to a 
more pronounced right ventricular dysfunction 

and a more severe restrictive filling pattern, sug-
gesting ventricular filling interdependence [87].

The pathophysiology of restrictive cardiomy-
opathy in amyloidosis has been linked to myocar-
dial amyloid infiltration leading to poor diastolic 
relaxation due to altered calcium transmembrane 
shifts; in contrast, in cases with gross ventricular 
thickening, necrosis of myocardial fibers pro-
duces an increase in rapid early filling and poor 
ventricular compliance in systole [87].

Among the different types of amyloidosis, AL 
has the worst prognosis with a mean survival in 
the absence of treatment of approximately 
13 months, that may be increased to 17 months 
with melphalan and prednisone therapy [82]. 
Depending on the site of major involvement, 
presence of pulmonary effusion, 
β2-macroglobulin [81] and troponin T levels 
[86], the median survival may vary—with worse 
outcomes in patients with amyloidosis and car-
diac involvement [83].

Calcium-channel blockers are ineffective since 
diastolic dysfunction is due to amyloid deposits 
rather than cardiomyocyte dysfunction and para-
doxically may increase peripheral vascular resis-
tance [88]. Beta blockers worsen hypotension 
caused by autonomic neuropathy and may aggra-
vate bradycardia and digoxin binds amyloids 
fibrils with an increase in susceptibility to 

a

20 µm 20 µm

b

Fig. 27.9  Typical green birefringence in polarized light 
after Congo red staining of amyloid infiltrated tissue. 
Westermark P. Localized AL amyloidosis: a suicidal neo-
plasm? Ups J Med Sci 2012; 117(2):244–250. Copyright 
© Informa Healthcare. This is an open-access article 

distributed under the terms of the Creative Commons 
Attribution Noncommercial License which permits any 
noncommercial use, distribution, and reproduction in any 
medium, provided the source is credited

Fig. 27.10  Transthoracic echocardioraphy: typical 
aspect of cardiac amyloidosis with septal thickening 
and “snowstorm” appearance. Wang C, Li Y, Jin Y, 
Zhou W, Zhu Y, Yao F et  al. Chronic diarrhea as the 
presenting feature of primary systemic AL amyloido-
sis: serendipity or delayed diagnosis? BMC 
Gastroenterol 2013; 13(1):71. Copyright © 2013 Wang 
et  al.; licensee BioMed Central Ltd. This is an Open 
Access article distributed under the terms of the 
Creative Commons Attribution License (http://cre-
ativecommons.org/licenses/by/2.0), which permits 
unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited
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digitalis toxicity. Cardiac transplantation has been 
attempted but shows little promise, as recurrence 
is inherent and mortality high [82]. As with mul-
tiple myeloma, autologous stem cell transplanta-
tion seems to induce remission in AL amyloidosis 
patients. Unfortunately, however, cardiac involve-
ment is a contraindication [86]. Finally, studies 
have shown in  vitro efficacy of treatment with 
4′-iodo-4″-deoxydoxorubicin that seems to bind 
amyloid fibrils and prevents precipitation [83].
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Abstract

It is well known there is a relationship between 
the heart and the liver. A significant proportion 
of patients with heart failure have suffered at 
some point from congestive hepatopathy or 
developed ischemic hepatitis in acute situa-
tions. The aim of this chapter is to raise aware-
ness about another situation involving the 
liver and the heart: patients with primary liver 
disease that affects the heart. It is a very inter-
esting field, with lots of unknowns, but which 
deserves our attention as liver disease is preva-
lent amongst patients worldwide.

In the first part, we will briefly explain the 
pathophysiology of portal hypertension 
(PoH), and its systemic consequences that 
influence heart function. Then, we will focus 
on three relevant clinical pathologies: cirrhotic 
cardiomyopathy (CCM), portopulmonary 
hypertension (PoPH) and hepatopulmonary 

syndrome (HPS). In the end we will briefly 
mention other liver disease that may affect the 
right heart.

Keywords

Portal hypertension · Cirrhotic cardiomyopathy 
· Portopulmonary hypertension · Hepato
pulmonary syndrome

28.1	 �From Portal Hypertension 
to Hyperdynamic Circulation

In order to understand the pathophysiology of 
heart involvement in liver disease, one has to be 
familiar with haemodynamic changes which take 
place as a result of liver disease and portal hyper-
tension (PoH).

The most common two causes of portal hyper-
tension are liver cirrhosis and schistosomiasis, 
depending on geographical area [1]. But these are 
not the only causes of portal hypertension. 
Although in Western society sinusoidal PoH as a 
consequence of liver cirrhosis is the most preva-
lent situation, PoH may be a consequence of non-
cirrhotic pathologies, which altogether account 
for only 10% of PoH cases [1]. Some examples 
of noncirrhotic PoH are: for presinusoidal PoH: 
primary biliary cirrhosis, obliteration of inferior 
vena cava in oncologic disease; for sinusoidal 
PoH: AL-amyloidosis and fibrosis of the space of 
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Disse and for postsinusoidal PoH: Budd-Chiari 
syndrome [2].

Portal hypertension has two major pathophys-
iologic components, which interact to induce its 
complications and which should both be taken 
into account when treating patients:

	1.	 Portal resistance
	2.	 Blood flow (splanhnic and systemic)

The pathophysiology of PoH in liver cirrhosis 
is briefly illustrated in Fig. 28.1.

28.1.1	 �Portal Resistance

Liver circulation is impaired because of structural 
changes in liver architecture, which lead to 
increased portal resistance. One pathological pro-
cess is fibrosis and development of regenerative 
liver nodules, which induces a fixed impairment of 

blood flow [3]. Furthermore, stellate cells, which 
reside in the space of Disse (between hepatocytes 
and sinusoids) and are known for their role in 
vitamin A storage, are transformed to myofibro-
blasts as a reaction to inflammatory cytokines [4]. 
The myofibrobalsts contract because of increased 
vasoconstrictor activity, which is promoted 
mainly by activation of endothelin 1 (ET-1) pro-
duction [5]. Reduced NO bioavailability is related 
to oxidative stress, with production of superoxide 
radicals that spontaneously bind NO [6] and inhi-
bition of endothelial NO synthase [7]. This results 
in dynamic, reversible obstruction of blood flow 
through the liver and accounts for as much as 30% 
of portal resistance [8].

28.1.2	 �Blood Flow

High portal pressure causes an increase in shear 
stress in the splanchnic vessels and translocation 

High portal pressure

No ¯
ET1�

�PORTAL RESISTANCE

Myofibroblast
contraction

DynamicFixed

Obstruction of blood flow

High portal pressure

Activation of RAAS, ADH,
SNS

Collateral vessel
formation

Splanhnic and systemic
vasodilatation

NO �

INCREASED BLOOD
FLOW

Fibrosis + nodule
formation

Fig. 28.1  Mechanisms of portal hypertension (see text for explanation). NO nitric oxide, ET1 endothelin 1, RAAS renin 
angiotensin aldosterone system, ADH antidiuretic hormone, SNS sympathetic nervous system
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of bacterial lipopolysaccharides in the systemic 
circulation. Both processes produce an inflam-
matory reaction with cytokine formation, which 
subsequently stimulate endothelial NO synthase 
[9]. The excessive NO formation results in vaso-
dilatation and consequently decrease in blood 
pressure. This activates the renin-angiotensin-
aldosterone axis, antidiuretic hormone and the 
sympathetic nervous system, inducing vasocon-
striction, sodium and water retention, which fur-
ther increase circulatory volume and blood flow 
[4]. Still overall the vasodilator effects dominate 
both the splanchnic and systemic circulation.

Blood flow is also increased by collateral ves-
sel opening. This is caused by the porto-systemic 
pressure gradient, which opens pre-existing ves-
sels, but also through angiogenesis [10]. 
Experimental models show a 18–78% reduction 
in porto-systemic collaterals as a consequence of 
anti-angiogenic medication like anti-vascular 
endothelial growth factor (anti-VEGF) and anti-
placental growth factor (anti-PlGF) [11, 12].

Only in later stages of portal hypertension, 
hyperdynamic circulation develops.

It is characterized by high cardiac output, 
increased heart rate, increased total blood volume 
and decreased total systemic vascular resistance, 
as well as a normal or decreased arterial pressure. 
Peripheral systemic resistance decreases gradu-
ally and animal models point out that sympa-
thetic nerve atrophy in the mesenteric arteries 
may be incriminated [13, 14].

If splanchnic vasodilation progresses beyond 
the compensatory capacity of hyperdynamic cir-
culation, central arterial blood volume (heart, 
lungs, kidneys) decreases, inducing relative 
hypovolemia and complications like hepatorenal 
syndrome [15, 16].

28.2	 �Consequences of Hepatic 
Diseases on the Heart

As described above, liver pathology starts by 
affecting splanchnic circulation and ends up trig-
gering a cascade of systemic reactions. The heart 
can be affected directly and here we will describe 
a recognized pathologic entity, the cirrhotic car-

diomyopathy. Systemic repercussion of liver dis-
ease and portal hypertension also causes 
pulmonary pathology, which may itself affect the 
heart subsequently, especially the right heart. We 
will present two pathological entities: portopul-
monary hypertension and hepatopulmonary syn-
drome, as the most important liver-lung-heart 
syndromes.

28.2.1	 �Cirrhotic Cardiomyopathy

Patients who suffer from cirrhosis exhibit chronic 
alterations in cardiac function, including systolic, 
diastolic and electrical abnormalities, leading to 
the recognition of a new pathologic entity named 
Cirrhotic cardiomyopathy (CCM) [17].

CCM was discussed at the 2005 World 
Congress of Gastroenterology in Montreal and 
diagnostic criteria were established. These 
include resting or exercise induced systolic dys-
function and diastolic dysfunction, as well as 
supportive criteria, comprising electrical abnor-
malities (chronotopic incompetence, prolonged 
QTc interval, dyssynchrony), increased left 
atrium dimensions, increased ventricular mass 
and elevated biomarkers. Criteria for the diagno-
sis of CCM are detailed in Table 28.1.

Prevalence of CCM is estimated between 3 
and 23% [18].

CCM remains asymptomatic for a long time 
because of decreased afterload through systemic 
vasodilatation. Importantly, CCM becomes clini-
cally apparent especially after interventions on 
the liver which increase preload, like transjugular 
intrahepatic porto-systemic shunt (TIPS) or liver 
transplantation [19]. Heart failure resulting from 
cirrhotic cardiomyopathy is a common cause of 
death in liver transplant patients, accounting for 
2.6–42% of deaths [20, 21]. This shows the 
importance of screening patients for CCM before 
invasive procedures and accurately monitoring 
them post-intervention.

Cardiac abnormalities of CCM can be grouped 
into three categories: systolic dysfunction, dia-
stolic dysfunction and electrical abnormalities. 
Although diagnostic criteria refer to left heart 
involvement in CCM, the disease is not confined 
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to the left-sided heart. Recent studies prove that 
evaluation of the right heart involvement is 
strongly advisable since it is correlated with 
adverse clinical outcomes after liver transplanta-
tion [22, 23].

Being widespread, cheap and noninvasive, 
transthoracic echocardiography is the best imag-
ing method to search for systolic and diastolic 
dysfunction associated to CCM.  It is worth to 
mention that presence of gross ascites might 
influence the quality of the exam by not allowing 
subcostal views and modifying the intrathoracic 
position of the heart. Modified views may be 
required in order to obtain the most accurate data. 
In difficult cases, transesophagial echocardiogra-
phy and/or cardiac magnetic resonance imaging 
may be required to complete the evaluation of the 
heart.

28.2.1.1	 �Systolic Dysfunction
Up to 25% of patients show impaired systolic 
function, which manifests as reduced LVEF at 
rest (<55%) or lack of exercise reserve. Typically, 

patients are evaluated through dobutamine stress 
testing or exercise stress testing, where they 
show no increase in heart rate and ejection frac-
tion [24, 25]. Resting systolic dysfunction can 
also be identified by means of peak velocity at 
tissue Doppler imaging [26], as well as by 
speckle tracking analysis with identification of a 
decreased left ventricular systolic strain [27]. 
Right ventricular systolic function is also 
affected in CCM, although alterations may be 
more subtle, thus requiring speckle tracking 
analysis (Fig. 28.2), which identifies a decreased 
right ventricular systolic strain even in the pres-
ence of normal values of conventional parame-
ters (right ventricular fractional area change, 
TAPSE) [27].

The pathophysiology of systolic dysfunction 
is incompletely known, but decreased number 
and sensitivity of beta adrenergic receptors has 
been shown to be one possible mechanism in ani-
mal models [28].

28.2.1.2	 �Diastolic Dysfunction
Diastolic dysfunction is present in the majority 
(45–56%) of cirrhotic patients and its mild form 
has no serious clinical implication [29]. Evidence 
of pathologic mechanisms points towards myo-
cardial hypertrophy, altered collagen structure 
and fibrosis [30]. More advanced dysfunction is 
related to prognosis as it is associated to circula-
tory dysfunction, ascites and hepatorenal syn-
drome [29].

28.2.1.3	 �Electrical Abnormalities

QT Interval Prolongation
The most important electrical abnormality in cir-
rhotic patients is QT interval prolongation. 
Delayed repolarization which results from 
defective K-channels as well as increased sympa-
thetic nervous system expression were incrimi-
nated in the pathophysiology of QT interval 
prolongation in cirrhotic patients [31]. QT inter-
val prolongation always associates portal hyper-
tension and porto-systemic shunts [32, 33]. It 
relates to liver disease severity, as 60% of patients 
with advanced stage of cirrhosis present with QT 
interval prolongation. It is also associated with 

Table 28.1  Definition of cirrhotic cardiomyopathy

Systolic 
dysfunction

1. Blunted increase in cardiac 
output with stress

2. Resting LVEF <55%

Diastolic 
dysfunction

1. E/A ratio < 1

2. Prolonged DT (>200 msec)

3. Prolonged IVRT (>80 msec)

Supportive 
criteria

1. Electrophysiological 
abnormalities

2. Altered chronotropic response

3. Electromechanical 
dyssynchrony

4. Prolonged QTc

5. Enlarged LA

6. Increased cardiac mass

7. Increased BNP/proBNP

8. Increased troponin I

(Figueiredo A, Romero-Bermejo F, Perdigoto R, 
Marcelino P. The end-organ impairment in liver cirrhosis: 
appointments for critical care. 2012; 2012. Copyright © 
2012 Antonio Figueiredo et  al. This is an open access 
article distributed under the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work 
is properly cited)
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poor survival [31]. Fridericia’s and not Bazett 
formula should be used for QTc calculation in 
CCM patients [34].

Chronotropic incompetence and disrupted cir-
cadian HR variability—probably due to β adren-
ergic receptor alteration, is also present in CCM 
patients [35, 36].

Tachcycardia can occur in advanced stages of 
cirrhosis through excessive sympathetic stimula-
tion as part of the hyperdynamic circulation.

Cardiac biomarkers such as BNP, NT-proBNP 
and troponin are elevated in CCM patients [37]. 
NT-proBNP level correlates with the severity of 
cirrhosis and cardiac involvement [38].

28.2.1.4	 �Treatment of CCM
Due to systemic vasodilatation angiotensin 
converting enzyme inhibitors should be avoided 
[39].

Diuretics should be used only if water reten-
tion is present. Aldosterone antagonists improve 
LV dilatation and LV wall thickness [40]. 
Nonselective beta-blockers are widely used in the 
prevention of variceal bleeding, for they decrease 

portal pressure. They also show benefit in QT 
interval prolongation [41, 42].

Liver transplantation can reverse abnormali-
ties typical of CCM [43]. Not only left heart, but 
also right heart structure and function improve 
after liver transplantation, as shown by reduced 
biventricular dilatation and improved biventricu-
lar systolic strain in one study [27].

28.2.2	 �Portopulmonary 
Hypertension (PoPH) Versus 
Hepatopulmonary Syndrome 
(HPS)

Interestingly, although the two have opposite 
pathologic determinants: PoPH being mainly 
defined by vasoconstriction, while HPS is char-
acterized by vasodilatation, the pathologic mech-
anisms incriminated in these diseases are the 
same.

One important factor is the hyperdynamic cir-
culation, which produces shear stress and activa-
tion of inflammatory pathways. This in turn is 

Fig. 28.2  An example of right ventricle (RV) systolic 
strain at longitudinal direction measured by 2-dimensional 
speckle tracking analysis from the apical four-chamber 
view. Each color denotes a regional segmental strain (a 
total of six segments) and the RV systolic strain is calcu-

lated as the average value for peak strain of the six seg-
ments. The white arrow denotes the directions of 
longitudinal strain. Reproduced with permission from 
Chen et al. [27]
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believed to stimulate ET1 production, which 
seems to play a role in both pathologic entities 
[44]. Endothelin has two major receptors: ETA - 
inducing mainly vasoconstriction, and ETB - 
inducing mainly vasodilatation. Factors which 
influence the expression of the different recep-
tors, and thus determine the effect of ET1, 
remain unknown. The role of vasoconstriction 
induced by ET1 in PoPH is demonstrated by the 
benefit of endothelin receptor antagonists such 
as bosentan in the treatment of these patients 
[45]. On the other hand, patients with HPS have 
increased expression of ETB receptor in the pul-
monary circulation, which stimulates endothe-
lial NO synthase and induces NO mediated 
vasodilatation.

Other important factors are bacterial lipopoly-
saccharides translocation and portosysthemic 
shunts, which are incriminated in increased 
phagocytosis in the lung vessels [46]. In both 
PoPH and HPS, there is evidence of pulmonary 
macrophage activation, which is hypothesized to 
induce tissue modification in PoPH, and angio-
genesis in HPS [44, 47, 48].

Bacterial endotoxins also induce TNFa activa-
tion, which directly stimulates pulmonary NO 
production in HPS, further contributing to vaso-
dilatation [49]. This theory is also supported by 
the observation that intestinal flora decontamina-
tion with norfloxacin improves HPS in cirrhosis 
patients [50].

In the end, pathophysiologic changes in PoPH 
induce vasoconstriction and remodeling of lung 
circulation, while HPS is characterized by vaso-
dilatation and hypoxia.

We will discuss the most important character-
istics of these two pathologic entities using a 
clinical case for each one. Table 28.2 summarizes 
the main features to keep in mind for both 
pathologies.

28.2.2.1	 �Portopulmonary 
Hypertension

Case 1
49 years old woman with compensated VHB cir-
rhosis, Child-Pugh score A (Bilirubin 1,8 mg/dL, 
Albumin 3,6  g/dl, INR 1.6, mild ascites, no 

encephalopathy) with progressive exertional dys-
pnea over the last 3  months. She was diagnosed 
with portal hypertension 5 years ago, while suffer-
ing haemathemesis from oesophageal variceal 
bleeding. She receives carvedilol 25  mg twice 
daily since then.

PoPH is a rare disease developing in only 
1–5% [56] of portal hypertension cases. 
Nevertheless, because of its clinical importance, 
we should keep a low suspicion threshold and 
screen patients with portal hypertension and dys-
pnea for signs of pulmonary hypertension and 
right heart involvement with transthoracic echo-
cardiography. Our patient suffers from liver cir-
rhosis, the most common cause of PoH in Western 
society. She is in the typical age of onset of PoH: 
the fifth decade of life, compared to patients suf-
fering from idiopathic pulmonary hypertension 
which are diagnosed in their third and fourth 
decade of life [58]. PoPH is linked to female sex 
[53] and is most often diagnosed 4–7 years after 
PoH [56]. This also applies to our case, the 
patient carrying the diagnosis of PoH 5  years 
before the described episode. Thus PoPH seems a 
likely diagnosis in our patient.

Echocardiography is the next step in patient 
evaluation whenever there is clinical suspicion of 
PoPH.  It may reveal tricuspid regurgitation and 
may estimate the right ventricular systolic pres-
sure on the basis of the pressure gradient between 
the right ventricle and the right atrium, calculated 
from spectral Doppler recording of tricuspid 
regurgitation flow and status of inferior vena cava 
(dimension and variation with respiration), which 
correlates to the right atrial pressure. The pulmo-
nary artery systolic pressure is considered equal 
to the right ventricular systolic pressure, provided 
there is no pulmonary stenosis (Fig. 28.3). Other 
echocardiographic signs of pulmonary hyperten-
sion and right heart involvement may also be 
identified: right chambers dilation, short pulmo-
nary artery acceleration time, paradoxical septal 
motion with leftward displacement of the inter-
ventricular septum, right ventricular wall motion 
abnormalities.

Right heart catheterization with calculation of 
pulmonary vascular resistance is recommended 
by the AASLD and AHA/ACCF in order to 
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Table 28.2  Portopulmonary hypertension and hepatopulmonary syndrome

Portopulmonary hypertension Hepatopulmonary syndrome

Diagnostic 
criteria

Pulmonary hypertension class 1 Three criteria:

Two criteria: 1. Liver disease

1. Portal hypertension 2. �Hypoxia: Alveolar-arterial oxygen gradient ≥15 mmHg 
(or ≥20 mmHg in patients over 64 years)

+ 3. �Intrapulmonary vasodilatation ± shunting (positive 
transthoracic bubble contrast echocardiography or 
macroaggregated albumin lung perfusion study) [52]

2. Precapillary PHT [51]

• �Assessed by right heart 
catheterization:

    – PAPm >25 mmHg

    – PCWP <15 mmHg

    – PVR >3 wood units

Clinical features Diagnosed in the fifth decade of 
life

Diagnosed in the sixth decade of life

Linked to female gender and 
autoimmune liver disease [53]

No gender difference, no predisposing liver disease

Portal hypertension is a 
prerequisite

Neither portal hypertension nor liver cirrhosis are a 
prerequisite

Can appear in chronic and also acute conditions i.e. 
fulminant hepatitis A [54] or ischemic hepatitis [55]

Prevalence 1–5% of portal hypertension 
cases [56]

20% of liver cirrhosis patients [52]

Pathophysiology Vasoconstriction Vasodilatation

Arteriovenous shunting

Symptoms Progressive dyspnea Dyspnea (platypnea)—aggravated while sitting upright

Cyanosis (orthodeoxia)—aggravated while assuming 
orthostatism

Finger clubbing

Severity degrees Classified after mPAP value: Classified after PaO2 value:

Mild: >25 to <35 mmHg Mild: ≥80 mmHg

Moderate: ≥35 to <45 mmHg Moderate: ≥60 to <80 mmHg

Severe: ≥45 mmHg Severe: ≥50 to <60 mmHg

Very severe: <50 mmHg

Treatment �Medications used for idiopathic 
PAH

Liver transplantation

�Oral anticoagulation and BB not 
recommended

Liver transplantation

�Feasible only if not severe or 
uncontrolled PAH

�May be considered in patients 
responding well on PAH terapy 
(ESC CLAss IIb) [51]

�For selected patients liver- lung 
or liver-heart- lung 
transplantation [57]

mPAP mean pulmonary arterial pressure, PCWP pulmonary capillary wedge pressure, PVR pulmonary vascular resis-
tance, PaO2 arterial partial pressure of oxygen, PAH pulmonary arterial hypertension.
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confirm the diagnosis of PoPH when echocar-
diography reveals a right ventricular systolic pres-
sure of 45–60 mmHg [60, 61].

In our patient, echocardiography showed signs of 
pulmonary hypertension and the right heart cathe-
terization confirmed the diagnosis of severe pre-
capillary pulmonary hypertension (medium 
pulmonary artery pressure (PAPm) 50 mmHg, pul-
monary vascular resistance (PVR) 5 WU, pulmo-
nary capillary wedge pressure (PCWP) 8 mmHg).

The patient has known PoH and precapillary 
pulmonary hypertension so we can conclude that 
she has PoPH. Severity of PoPH is not associated 
with liver disease severity [54], as is the case of 
our patient, who suffers from severe PoPH while 
the liver disease is in a compensated state.

Therapy
Liver transplantation may reverse PoPH, if it did 
not reach a severe, uncontrolled stage. In patients 
with PAPm >50  mmHg mortality after liver 
transplantation can reach 100% and for moderate 
PoPH 50%, as was shown in a case series of the 
Mayo Clinic [62].

That is the reason why all patients listed for 
liver transplantation must undergo echocardio-
graphic screening for PoPH [51]. The degree of 
secondary right heart dysfunction is an important 
predictor of mortality in PoPH patients [63].

Therapy with specific PHT drugs, may 
improve PoPH and render patients suitable for 
heart transplantation [64–67]. Specific pulmo-
nary hypertension drugs were tested on few 

a

b

Fig. 28.3  A 57-Year-
Old Man With PPH 
Related to ESLD.  
(a) The apical four-
chamber view reveals a 
markedly dilated right 
ventricle and right 
atrium and moderate 
tricuspid regurgitation. 
(b) Continuous wave 
Doppler documents a 
106-mmHg gradient 
between the right 
ventricle and the right 
atrium consistent with 
severe pulmonary 
hypertension. PPH 
portopulmonary 
hypertension, ESLD 
end-stage liver disease. 
Reproduced with 
permission from Garg 
and Armstrong [59]
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PoPH patients. Only 13 patients with PoPH were 
included in PATENT study, showing improve-
ment with the soluble guanylate cyclase stimula-
tor, riociguat [68]. Although the endothelin 
receptor antagonist bosentan demonstrated ben-
efits, it should be used with caution as it is hepa-
totoxic [69]. Newer drugs of this class, 
macitentan and ambrisentan, have lower liver 
toxicity [70, 71].

Decreased pulmonary prostacyclin is also 
incriminated in the development of PoPH [72] 
and prostacyclin analogs have shown good results 
in the treatment of these patients [73].

Supportive medical therapy consists of careful 
diuretic treatment. Beta-blockers (BB) are con-
traindicated because they can aggravate heart 
dysfunction through negative chronotropic and 
inotropic properties and were shown to decrease 
exercise capacity in PoPH patients [74].

Our patient was on BB therapy as a prevention 
for variceal bleeding, which was stopped after the 
PoPH diagnosis. Actually all patients with PoPH 
are at increased bleeding risk, so oral anticoagu-
lation is not recommended [51].

28.2.2.2	 �Hepatopulmonary 
Syndrome

Case 2
58 years old men suffering from alcohol-induced 
liver cirrhosis with multiple ascitic decompensa-
tions is admitted because of dyspnoea aggravated 
when standing, accompanied by cyanosis. He has 
noticeable finger clubbing and moderate ascites, 
without pulmonary effusion on chest X ray.

Our patient’s symptoms point towards HPS. 
Dyspnea is common in cirrhotic patient and pres-
ent in 50% of HPS patients, so it is unspecific 
[75]. Platypnea and orthodeoxia are much more 
specific for HPS. Finger clubbing is also a very 
common finding in PHS patients (up to 50%) as 
compared to chronic liver disease (2%) [76]. Our 
patient has the typical diagnosis age of HPS: the 
sixth decade of life.

Although HPS is not linked to liver disease 
severity [75], there are reports pointing out that 
especially patients with hypoxemia have more 
advanced liver disease, as is the case of our 
patient [77].

Hypoxia and dyspnea are common features of 
HPS, and are aggravated upon standing (orthode-
oxia and plathypnea). These symptoms are 
caused by vasodilatation and angiogenesis typi-
cal of liver disease and portal hypertension, 
through three main mechanisms:

	1.	 Oxygen (O2) diffusion limitation:
Dilatation of capillaries increases the distance 
to be traversed by O2. Hyperdynamic circula-
tion is limiting the time available for O2 diffu-
sion [78].

	2.	 Ventilation-perfusion mismatch:
Vasodilatation is more pronounced in the 
lower lobes, which are not so well ventilated. 
Experimental work also shows a decreased 
vasoconstriction response to hypoxia [79].

	3.	 Intrapulmonary arteriovenous shunts:
These shunts are represented especially 
in  the  lower lobes. This explains the 
characteristic symptoms of HPS: plathypnea 
and orthodeoxia.

The peripheral O2 saturation was 94% and the cal-
culated alveolar/arterial gradient was 50  mmHg 
with pO2 of 52 mmHg while inspiring room air. We 
performed an echocardiographic bubble contrast 
test, and there was evidence of bubble appearance 
in the left atrium five cardiac cycles after passing 
the right atrium.

Diagnosis of HPS implies evidence of low 
oxygenation and pulmonary vasodilation in the 
context of liver disease. Peripheral blood oxygen 
saturation <96% is a red flag and warrants arterial 
blood gas analysis. This should be performed in 
room air, preferably while sitting. Using age, 
inspired O2 percent, atmospheric pressure, PaO2 
and PaCO2 we can estimate the alveolo-arterial 
O2 gradient (A-a O2 gradient) with the aid of a 
calculator. An A-a O2 gradient of >15 mmHg is a 
diagnostic criterion for HPS [52].

Indeed the presented case exhibits decreased 
peripheral O2 saturation (94%) and an increased 
A-a O2 gradient (50 mmHg).

The next step is to demonstrate pulmonary 
vasodilatation ± shunting. The most sensitive and 
accessible method is the bubble contrast echocar-
diography [80, 81]. If agitated saline is injected 
intravenously, the contrast first appears in the 
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right atrium. The bubbles have diameters of about 
25 μm, so they cannot pass the normal lung ves-
sels, which are only 5–8 μc in diameter. In HPS, 
the bubbles pass through the dilated pulmonary 
vessels and reach the left atrium after more than 
three cardiac cycles (as opposed to intracardiac 
shunts, were bubbles pass during the first cardiac 
cycle). One example is given in Fig. 28.4. Again, 
the presented case shows positive test, results, 
suggesting pulmonary vasodilation.

We can now conclude that our patient has 
HPS.

HPS severity is classified on the basis of the 
arterial oxygen pressure (PaO2) value. Mild and 
moderate HPS implies a PaO2 between 60 and 
80  mmHg and should be monitored every 
6–12 months. Severe HPS with PaO2 < 60 mmHg 
warrants liver transplant evaluation and oxygen 
therapy [52].

The only definitive treatment for HPS remains 
liver transplantation and with recent advances in 
post-transplant care mortality is reported to be 
only 9% in patients with very severe HPS 
(PaO2 < 50 mmHg) [82].

Saline Saline

Saline Saline

Fig. 28.4  Saline Contrast Echocardiography Performed 
in a Patient With ESLD Revealing Marked Right-to-Left 
Shunt Through Pulmonary AVM. The upper left panel is 
immediately after appearance of contrast in right heart. 
The upper right panel is five beats following appearance 
and reveals nearly continuous flow into the LA and 
LV. The lower left panel is approximately 10 s after injec-

tion of contrast and reveals equal contrast in both the right 
and left ventricles and the lower right panel is recorded 
15 s following injection of contrast and reveals continued 
appearance of contrast into the LV when contrast is dimin-
ishing in the right ventricle. AVM arteriovenous malfor-
mation. Reproduced with permission from Garg and 
Armstrong [59]
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28.2.3	 �Right Cardiac Involvement 
in Other Hepatic Diseases

28.2.3.1	 �Hepatitis C
Patients with hepatitis C virus (HCV) may expe-
rience dilated or hypertrophic cardiomyopathy 
[83]. The pathophysiologic mechanism is not 
fully understood, but some case reports show 
reversal of acute heart failure after interferon-free 
virus-selective antiviral treatment [84]. Cardiac 
involvement in these patients seems to be linked 
to higher mortality [85].

28.2.3.2	 �Primary Biliary Cirrhosis 
(PBC)

The majority of PBC patients have increased 
cholesterol levels but this usually does not result 
in increased cardiovascular risk [86, 87]. While 
LDL and total cholesterol are elevated, the low 
incidence of atherosclerosis may be due to 
increased HDL and adiponectin levels and low 
levels of lipoprotein(a) in these patients [86–88]. 
Patients with PBC also have an increased inci-
dence of autonomic dysfunction [89]. Right heart 
involvement may be a consequence of portopul-
monary hypertension, which frequently compli-
cates autoimmune liver diseases, as it was 
mentioned above.

28.2.3.3	 �Hepatocellular Carcinoma 
(HCC)

Although a rare finding, case reports show HCC 
extension through the inferior vena cava to the 
right atrium and metastases to the right ventricle 
with potential risk of outflow obstruction 
[90–92].

The prognosis of patients is poor due to 
advanced stage of the oncologic disease, and 
treatments are palliative [93].
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Primary Cardiac Tumors

Ji-Gang Wang

Abstract

Primary cardiac tumors are rare. The most fre-
quent location is left atrium. Only a small minor-
ity of primary tumors occur frequently in the 
right heart (hemangioma, angiosarcoma, leio-
myomatosis, and lymphoma). In this chapter, we 
discussed several types of primary cardiac 
tumors in the 2015’ edition of WHO classifica-
tions of cardiac tumors, including myxoma, 
rhabdomyoma, hemangioma, fibroma, papillary 
fibroelastoma, lipoma, schwannoma, paragan-
glioma, inflammatory myofibroblastic tumor, 
angiosarcoma, undifferentiated pleomorphic 
sarcoma, myxofibrosarcoma, leiomyosarcoma, 
synovial sarcoma, rhabdomyosarcoma, osteo-
sarcoma, and lymphoma.
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29.1	 �Introduction

Primary cardiac tumors are uncommon with an 
incidence of 0.02% per person-year [1]. About 
75–90% of primary cardiac tumors are benign, 

and only a small minority are malignant [2, 3]. 
Myxoma represents the majority of benign 
tumors in adults, while rhabdomyoma is the 
most common benign tumor in infants and 
children [4, 5]. Most primary cardiac malig-
nancies are soft tissue sarcomas, of which 
there are many types, and all have a common 
mesenchymal origin. According to previous 
reports, the most frequent cardiac sarcoma in 
adult is angiosarcoma, while in children is 
rhabdomyosarcoma [6, 7]. Metastatic tumors, 
on the other hand, are the most common 
tumors of the heart with the reported ratio of 
cardiac metastases to primary cardiac tumors 
ranging from 100:1 to 1000:1 [8, 9]. However, 
the precise prevalence of primary cardiac 
tumors in the general population is still 
unknown since the data are based on postmor-
tem studies and surgeons’ experiences.

In 2015, the World Health Organization 
(WHO) released a new histologic classification 
of primary cardiac tumors (Table 29.1). Tumors 
are separated into benign tumors, tumors of 
uncertain biologic behavior, germ cell tumors, 
and malignant tumors. The revised classification 
has simplified the classification of sarcomas with 
a predilection for the left atrium. However, the 
lack of diagnostic agreement among experts in 
soft-tissue pathology makes classification of sim-
ilar tumors in the heart difficult.

The prevalence of each histological type is 
highly age-related. Also, each histological type 
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has preferential anatomical locations. In the 
reported series, most tumors occur in the left 
atrium (such as myxoma and most soft tissue sar-
comas). Only a small minority of primary cardiac 
tumors most frequently involve the right heart 
(for example, hemangioma, angiosarcoma, leio-
myomatosis, and lymphoma) [10]. The underly-
ing mechanism on the location predilection is 
still unclear.

29.2	 �Benign Tumors

29.2.1	 �Myxoma

Cardiac myxoma is the only relatively common 
primary heart tumor and considered as a true neo-
plasm. It accounts for 75–90% of all primary car-
diac tumors [10–14]. The tumor occurs in all age 
groups with a peak age ranging from 40 to 
70  years [10, 11, 14–19]. It occurs more com-
monly in females than in males with a female/
male ratio of 1.5 [11, 14]. The cells giving rise to 
the tumor are considered to be multipotential 
mesenchymal cells that persist as embryonal resi-
dues during septation of the heart [20, 21].

The clinical presentation of myxomas is 
diverse and dependent upon tumor location, size 
and mobility [22–24]. The tumor can cause car-
diovascular obstruction related symptoms (dys-
pnea, palpitation, angina, cough, and edema), 
cerebral embolism (cerebral infarction, vertigo, 
and syncope), and constitutional symptoms 
(weight loss, fever, and fatigue). Dyspnea is the 
most common symptom, and then followed by 
palpitation [10, 11]. These presentations are a 
consequence of atrioventricular valve obstruc-
tion. The intracardiac obstruction may also lead 
to narrowing outflow tract and atrial fibrillation, 
which could aggravate dyspnea and palpitation. 
Cough is a result of pulmonary venous hyperten-
sion and frank pulmonary edema. Angina may be 
caused by insufficient blood supply [25]. 
Embolism is also relatively common which may 
be caused by the tumor fragments. Since most 
myxomas are located in the left atrium, systemic 
embolism is relatively frequent [26]. The cause 
of some constitutional disturbances is still 
unclear. Some findings suggest the cytokine 
interleukin-6 (IL-6) may be responsible for that. 
The relationship between IL-6 and constitutional 
syndromes is still controversial [26–32]. In addi-
tion, about 20% of cardiac myxomas are asymp-
tomatic; they are usually smaller than 4 cm [11].

Cardiac myxoma is an intracavitary endocar-
dial lesion, most often arising in the left atrium, 
in the region of the fossa ovalis [33]. Less than 
20% of cardiac myxomas occur in the right 
heart [10, 11, 14, 17, 22]. Most right-sided 

Table 29.1  Tumors of the Heart in WHO classifications

Tumors and tumor-like conditions ICD-O codes

Benign

  Rhabdomyoma 8900/0

  Histiocytoid cardiomyopathy

 � Hamartoma of mature cardiac myocytes

  Adult cellular rhabdomyoma 8904/0

  Cardiac myxoma 8840/0

  Papillary fibroelastoma

  Hemangioma, NOS 9120/0

 � Capillary hemangioma 9131/0

 � Cavernous hemangioma 9121/0

 � Arteriovenous malformation 9123/0

 � Intramuscular hemangioma 9132/0

  Cardiac fibroma 8810/0

  Lipoma 8850/0

  Cystic tumor of the atrioventricular node 8454/0

  Granular cell tumor 9580/0

  Schwannoma 9560/0

Tumors of uncertain biologic behavior

  Inflammatory myofibroblastic tumor 8825/1

  Paraganglioma 8680/1

Germ cell tumors

 � Teratoma, mature 9080/0

 � Teratoma, immature 9080/3

 � Yolk sac tumor 9071/3

Malignant tumors

  Angiosarcoma 9120/3

  Undifferentiated pleomorphic sarcoma 8830/3

  Osteosarcoma 9180/3

  Myxofibrosarcoma 8811/3

  Leiomyosarcoma 8890/3

  Rhabdomyosarcoma 8900/3

  Synovial sarcoma 9040/3

  Miscellaneous sarcomas

  Cardiac lymphomas

  Metastatic tumors

ICD-O International Classification of Diseases for 
Oncology, NOS not otherwise specified
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myxomas are located in the right atrium (5.6–
15%) which arise from the interatrial septum. 
The right ventricular myxoma is extremely rare, 
only accounting for 0.8–7.4% [11, 12, 14, 15, 
17, 18, 34, 35] (Fig. 29.1). A few isolated case 
reports have described right ventricular myxo-
mas in adults and older children [36–44]. The 
tumor may attach to the outflow tract [37, 39, 
40], tricuspid leaflets [42, 43], papillary muscle 
[45], or interventricular septum [36]. In some 
cases, cardiac myxoma is multicentric, which is 
usually the case in the setting of Carney com-
plex [25, 46]. Sporadic myxomas arising in all 
the four cardiac chambers have been rarely 
reported [47].

The right atrial myxomas may mimic stenosis 
of tricuspid valves. Pulmonary embolism and 
pulmonary hypertension are so-morbidities. 
Besides the possible disturbance of heart activity 
due to valve obstruction, bleeding and fragmen-
tation can also occur with subsequent embolism. 
The ventricular myxomas can directly obstruct 
the right ventricular outlet tract and pulmonary 
valves, which may cause complications such as 
syncope, pulmonary embolism, and sudden death 
[48–54].

On gross examination, the tumor mass is soft, 
gelatinous, and very friable. The tumor appear-
ance can be either solid or villous. The solid type 
is globular or elongated, with a smooth, shiny, 
and sometimes undulant surface. The villous type 
has an irregular, often friable, papillary surface. 

Embolization may occur from the friable fronds 
themselves or from surface thrombi. Most car-
diac myxomas have stalks, and some are broad-
based (Fig. 29.2) [33].

Variable amounts of thin walled blood sinus 
or thick walled blood vessels are often  
present. Hemorrhagic foci, fibrinoid necrosis, 
hemasiderin-laden macrophages, and inflam-
matory cells are also frequent. The tumor cells 
may be spindle, polygonal, or stellate, and 
have round to oval nuclei with inconspicuous 
nucleoli, eosinophilic cytoplasm, and indis-
tinct borders. Mitoses are rare. The cells can be 
arranged in single, in nests or cords, or in vaso-
formative ring structures. Small or large 
mucous halos are frequently observed to sur-
round the myxoid cells, the cords or vasofor-
mative ring structures (Fig. 29.3). In fact, most 
myxomas are combined with the above two or 
three structures. The tumor of solid type have a 
tendency to form vasoforming structures [11]. 
Occasionally, mucous glandular epithelium 
may present, which is considered as the rests of 
entrapped embryonic foregut (Fig.  29.4). 
However, the morphological features have no 
correlation with the clinical presentations. 
Immunohistochemical studies show the tumor 
cells bear a diffuse, and positive expression for 
Vimentin, and focal expressions for CD34, 
CD68, and smooth muscle actin [11]. This 
finding support the hypothesis that cardiac 
myxoma is originated from multipotential 

Fig. 29.1  Echocardiographic appearance of a right ven-
tricle myxoma

Fig. 29.2  The tumor mass is soft, gelatinous, and very 
friable. The surface is smooth and glistening
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mesenchymal cells. The typical mucous glands 
may represent rests of entrapped embryonic 
foregut. In addition, the tumor cells may be 
immunoreactive-positive for S100, neuron spe-
cific enolase, and Calretinin [55–57].

Bone and brain metastases from glandular 
cardiac myxomas have been reported in the 
recent literature [45, 58–63]. The most frequent 
metastatic site for cardiac myxomas is cerebrum 
[59]. Several reports have reviewed cerebral 

a

b

c

Fig. 29.3  Three cell arrangement subtypes of cardiac 
myxoma. (a) single cell predominant subtype; the single 
myxoid cells were scattered; (b) cell cord predominant 
subtype; myxomas of this type showed a rudimentary 
“chicken-wire” vessels like appearance, with few and 

scattered single myxoid cells in the stroma; (c) vasofor-
mative ring predominant subtype; myxomas of this type 
showed a hemangioma-like appearance, containing dis-
tended blood sinus and distinct mucous halo
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metastasis cases [60, 61]. The tumor fragments 
metastasized to cerebral vessel walls may pene-
trate through the vessel wall, forming intra-atrial 
metastases.

The prognosis of cardiac myxomas is good 
after surgical resection, regardless of the tumor 
location. There is no evidence to show that right-
sided myxomas have poorer prognosis than their 
counterparts in left atrium. The tumor recurrence 
is relatively low in non-syndromic patients (less 
than 5%), but approaches 10–20% in Carney 
complex patients [10, 33].

29.2.2	 �Rhabdomyoma

Rhabdomyomas represent the most common pri-
mary cardiac neoplasm in pediatric age, with an 

estimated prevalence of 60–86% of primary fetal 
cardiac tumors [64]. Rhabdomyomas are present 
within the myocardium and are often multiple. 
The tumor is derived from myocytes although 
there has been debate whether it might arise 
from purkinje cells, i.e. conduction tissue myo-
cytes. It is regarded as a hamartoma of cardiac 
myocytes which is associated with the tuberous 
sclerosis syndrome [65]. If one is found as an 
incidental finding the family will need investiga-
tion. In many patients, however, the tumors 
regress, and there are often no cardiac symptoms 
if the patient survives the first month of life. 
Sporadic rhabdomyomas are more likely solitary 
endocardial based lesions that may cause ven-
tricular outflow tract obstruction requiring surgi-
cal excision, or induce cardiac arrhythmias. 
However, there is an overlap between the 

Fig. 29.4  Typical glandular structures in a glandular 
myxoma. Well-defined mucous glands, containing goblet 
cells interspersed between cells, formed by columnar epi-

thelium were observed; the glandular structures bear posi-
tive expression of CK (cytokeratin) and EMA (epithelial 
membrane antigen)
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morphologic findings in patients with and with-
out tuberous sclerosis [66].

Echocardiographically, rhabdomyomas 
appear as well-circumscribed, homogenous 
echogenic masses. This is an important feature 
to distinguish them from thrombi, myxomas, 
and other tumors. The finding of multiple car-
diac masses is highly suggestive of rhabdomyo-
mas, especially in patients with tuberous 
sclerosis [65].

Grossly, rhabdomyomas are well-demarcated 
yellow-tan nodules. The tumor size can range 
from a few millimeters to several centimeters in 
size. They often occur within the myocardium 
or on the endocardial surface, but are most com-
monly found in the ventricles and interventricu-
lar septum [65]. Rhabdomyomas are composed 
of enlarged vacuolated cells with sparse cyto-
plasm. The characteristic cell is the vacuolated 
“spider cell,” which possesses strands of cyto-
plasm emanating from the nucleus. The appar-
ent spaces within the cell contain large amounts 
of glycogen. Ultrastructurally, there are glyco-
gen granules, myofibers, dispersed Z-band 
material, and intercalated disks along the cell 
periphery. On immunohistochemistry, the tumor 
cells are immune-positive for striated muscle 
markers, i.e. myogenin, Desmin, and Vimentin 
[65, 67].

Diffuse cardiac rhabdomyomatosis is a rare 
cause of pediatric cardiomyopathy presenting as 
sudden cardiac death [67, 68]. Histologically, 
there is diffuse involvement of the myocardium 
by rhabdomyoma-like cells with infiltrating bor-
ders associated with significant fibrosis. The 
large clear cells contain glycogen and are peri-
odic acid- Schiff (PAS) positive as reported in the 
classic rhabdomyoma [56, 57].

Cardiac rhbdomyomas have a tendency for 
spontaneous regression, especially throughout 
the first year, and up to 5 years of age [69, 70]. 
Approximately one-third of patients may be 
either still-born or die within the first few days of 
life. Tuberous sclerosis is difficult to diagnose at 
this stage. Death is caused by the obstruction of 
cardiac valves when the intracavity tumors are 
large [68]. In those who survive into children, the 
tumor may spontaneously regress [71]. About 

one-third of patients have clinical evidence of 
tuberous sclerosis. The rhabdomyomas are inci-
dental findings at autopsy, being small and 
embedded in the myocardium. Other patients 
have single intracavity tumors with marked 
obstructions of blood flow in at least one cardiac 
chamber and clinically there is no evidence of 
tuberous sclerosis. They often present with car-
diac symptoms of congestive cardiac failure and 
ventricular arrhythmia [72]. Surgery is necessary 
for these severely symptomatic patients. 
Generally, clinical follow-up, associated with 
oral medication, is usually recommended [65].

29.2.3	 �Hemangioma

Primary cardiac hemangiomas are uncommon, 
accounting for less than 5% of all benign cardiac 
tumors [10, 19, 35]. They can occur in patients of 
all ages with equal frequency in both sexes. The 
average age at diagnosis is about 44-year-old 
[73]. The clinical manifestations are varied. Most 
cardiac hemangiomas are asymptomatic and 
found incidentally, either radiologically, during 
cardiac surgery, or at autopsy. The most common 
presentation in symptomatic cases is decreased 
exercise tolerance, followed by palpitation, syn-
cope, edema, angina, and stroke [73, 74]. Sudden 
death have also been reported [75–78]. These 
symptoms depend primarily on the tumor loca-
tion, size, and extension.

Cardiac hemangiomas may involve any part of 
the heart, including the endocardium and heart 
valves, myocardium, epicardium, and pericar-
dium. The right atrium is the most common site 
of involvement, accounting for about 26% [73]. 
The most frequent locations are the anterior wall 
of the right ventricle, the lateral wall of the left 
ventricle, and the interventricular septum. 
Congenital hemangiomas most often involve the 
right atrium [79].

Most cardiac hemangiomas are small, endo-
cardial nodules, either polypoid or sessile, and 
without evidence of infiltration. Intramural hem-
angiomas tend to be poorly circumscribed 
masses with a hemorrhagic or congested appear-
ance (Fig. 29.5). The basic pathologic types of 
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cardiac hemangiomas include capillary type, 
cavernous type (Fig.  29.6), arteriovenous type, 
and mixed type. The capillary type tends to be 
circumscribed whereas the cavernous and intra-
muscular types tend to be infiltrative [79, 80]. 
The capillary type and cardiac myxomas have 
overlapping features. If a myxoid background is 
present, the capillary hemangioma may be mis-
diagnosed as myxomas [74].

Cardiac hemangiomas have a good progno-
sis after complete resection. About 90% of 
patients remained stable without tumor 
regrowth. Tumor recurrence is rare but may be 
more likely if resection is incomplete. Cardiac 
hemangiomas confined to the septum are con-
sidered to contribute to a higher risk of preop-
erative death [73].

29.2.4	 �Fibroma

Cardiac fibroma is a benign congenital mesen-
chymal tumor, composed of fibroblasts or myofi-
broblasts in a variably collagenized stroma [81]. 
It is the second most common primary cardiac 
tumor of childhood (following rhabdomyoma). 
Cardiac fibroma is synonymed as fibrous hamar-
toma as someone considered the lesion is hamar-
tomatous rather than neoplastic.

Cardiac fibroma is more commonly encoun-
tered in patients with Gorlin syndrome. 
Mutations of the tumor suppressor gene PTCH1 
are the underlying cause of Gorlin syndrome 
[82, 83]. The clinical manifestations are deter-
mined by the tumor size and location. The most 
common syndrome in symptomatic patients is 

Fig. 29.5  Gross appearance of a right atrial endothelial hemangioma: the tumor surface is smooth and the cut sur-
face is favaginous

Fig. 29.6  The pathologic appearences of cavernous-type hemangioma (left) and capillary-type hemangioma (right)
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ventricular arrhythmias and conduction distur-
bances [81]. The tumor with a large volume may 
impede blood flow or displace or directly 
involve mitral and aortic valves and result in 
severe mechanical obstruction [84]. In some 
patients cardiac fibromas may present as sudden 
unexpected death in adolescence [85, 86]. 
Interestingly, the tumor rarely causes symptoms 
in Gorlin syndrome patients, although they can 
reach significant size [87].

Cardiac fibromas arise predominantly in the 
interventricular septum or left ventricular free 
wall and appear to be well circumscribed. The 
most common location is within the myocardium 
of the left ventricular free wall or septum [88]. 
Right ventricular fibromas are uncommon, and 
the atrial (left and right) tumors are extremely 
rare. The tumor is usually solid, white, and 
fibrous. Histologically, the tumor is composed of 
spindle cells (myofibroblasts) in a collagenous 

background (Fig. 29.7). Myocardial infiltration at 
the periphery is often apparent. The cellularity of 
the lesion varies with age. The proportion of col-
lagen is increasing with the age [79].

Generally, cardiac fibromas have a good prog-
nosis after surgical resection. Sometimes, the 
tumor in infancy is not resectable because of 
extensive myocardial infiltration [86].

29.2.5	 �Papillary Fibroelastoma

Papillary fibroelastoma is a benign endocardial 
tumor which is characterized by endothelium over-
lying avascular fibroelastic fronds. In western coun-
tries, it is the second most common primary cardiac 
tumor (after cardiac myxoma) and the most com-
mon cardiac valvular tumor, which can occur in any 
age [89]. The incidence is relatively low in East 
Asia. The tumor accounts for no more than 1% of 

Fig. 29.7  Gross appearance, H&E stain (lower left) and 
Van-Gieson (lower right) stain of a cardiac fibroma. The 
patient was a 25-year-old female who suffered sudden 
death; The autopsy revealed a tumor mass measured 

6×5×5 cm in the right ventricular free wall; the tumor was 
composed of bland cells in a collagenous matrix; the fig-
ures was obtained from the internet (www.91360.com)
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primary cardiac tumors in large surgical series in 
China. The discrepancy may be due to the popula-
tion difference [10]. The pathogenesis of papillary 
fibroelastoma is still unknown, and it is unclear if it 
is a reactive or hamartomatous process [90, 91]. 
Thrombi may occur on the surface of the prolifera-
tion, and dislodged clots are responsible for embolic 
symptoms. Some researchers suggested that it is 
hamartomas because of its mimicry of tendinous 
cords, whereas some think that it is organizing 
thrombi, a theory supported by the presence of 
fibrin within the cores [92]. Some authors believe 
that papillary fibroelastoma represents giant form of 
Lambl’s excrescence, evolving from a thrombotic 
phenomenon due to traumatization of the endothe-
lial cells at the level of the valves which have an 
increased pressure gradient [93]. Abnormal blood 
flow might also explain the presence of organized 
thrombus. Papillary fibroelastoma has been shown 
to contain fibrin, hyaluronic acid, and elastic fibers, 
in keeping with organized thrombus [89].

Most patients with papillary fibroelastomas 
are asymptomatic and these are incidental find-
ings during echocardiography, cardiac surgery, or 
autopsies. However, left-sided lesions may cause 
symptoms by embolization of attached fibrin 
clots or prolapse into the coronary orifices. The 
most common symptoms are transient neurologi-
cal defects and myocardial ischemia, although 
sudden death has also been reported [94].

The left sided valves are most commonly 
involved, with aortic valves being the usual sites. 
The right sided valves, heart chambers, and papil-
lary muscles are unusual sites [95]. Grossly, papil-
lary fibroelastomas have a sea anemone appearance 
with a gelatinous surface and a stalk with multiple 
papillary projections. They generally are around 
1.0 cm in diameter, but range in size from 0.2 to 
7  cm. Microscopically, papillary fibroelastomas 
are avascular and are composed of collagen, elas-
tic, and reticulin (Fig.  29.8). Stains for elastin 
reveal the presence of elastic fibers, from which 

Fig. 29.8  Papillary fibroelastoma is composed of mainly avascular fronds, coated by bland endothelium. The fronds 
usually arise from a common central stalk; the lining cells are positive for CD34 (lower left), and elastic fibers are 
positve for elastin stain (lower right)
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the lesion derives its name. The cells covering the 
surface are positive for vimentin, factor VIII-
related antigen, and CD34, in keeping with their 
presumed vascular endothelial origin. Collagen 
type IV showed multilayered linear staining 
beneath the surface that is virtually identical to the 
staining pattern for elastic tissue [90]. Usually, 
papillary fibroelastoma are single, small, and may 
be pedunculated. There is no infiltration of the 
underlying valve leaflet [89]. Previous study has 
reported an “infiltrative” papillary fibroelastoma 
on the anterior leaflet of the mitral valve [91, 96].

Owing to the tumor’s thromboembolic poten-
tial, surgical resection is recommended, although 
the fibroelastoma is morphologically benign. The 
long-term outcomes are excellent after resection, 
without recurrence even when the resection is 
insufficient. Anticoagulation drugs are also used 
when thromboembolic signs are present [89].

29.2.6	 �Lipoma

Cardiac lipoma is a well-defined, benign mass 
composed of mature, white adipocytes. The 
tumor is rare and accounts for only 0.5–3% of 
excised heart tumors. They can occur at any age 
with equal frequency in both sexes. True cardiac 
lipomas are encapsulated and much less frequent 
than lipomatous hypertrophy of the interatrial 
septum [97, 98].

Most cardiac lipomas are epicardial or endo-
cardial tumors, although any site of the heart may 
be affected. They may also occupy the pericardial 
space or be intracavitary. The tumor maybe 
located more frequently in the left ventricle or 
right atrium [99]. Rarely, they are intramyocar-
dial. Invasive lipomas are also reported [100]. 
The tumor can occur in patients with Cowden 
syndrome [101]. Although typically solitary, 
multiple cardiac lipomas may be reported [102].

The size of cardiac lipomas varies, and those 
that are left in situ when they are asymptomatic 
may grow to large dimensions [103]. The presen-
tation of cardiac lipomas is varied and depends 
on their location and size. The epicardial lipomas 
tend to be large [104]. They are mostly asymp-
tomatic and may be discovered incidentally. The 
tumor can cause arrhythmias, syncope, emboliza-
tion, and even compression of the coronary arter-
ies or blood flow within the heart. Those adjacent 
to valves present early with murmurs or valvular 
obstruction. Tumors of the right atrium, inter-
atrial septum, and right ventricle can predispose 
to arrhythmias [97]. Histopathologically, the 
tumor was composed of mature adipose cells 
(Fig.  29.9).

Excision of cardiac lipomas is indicated if 
clinical symptoms develop or it is not possible to 
confidently exclude liposarcoma. Surgical exci-
sion generally provides complete cure and a good 
long-term prognosis [105].

Fig. 29.9  Right atrial lipoma. The patient was a 66-year-old female; the tumor was located under the endocardium 
with a fibrous capsule
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29.2.7	 �Schwannoma

Primary cardiac schwannoma is an extremely 
rare disease. No more than 20 cases have been 
reported in the literature so far. It is considered to 
originate from the cardiac plexus or the cardiac 
branch of the vagus nerve [106]. Primary 
schwannoma of the heart tends to be located in 
the right heart, frequently close to the cardiac 
plexus and in the right atrium [107]. However, 
the tumor can be found in other sites of the heart, 
including left atrium [106, 108, 109], interatrial 
septum [10, 110], and left ventricle [111, 112].

Just as other primary cardiac tumors, the symp-
toms of primary cardiac schwannoma vary depend-
ing on the location and size of the tumor, the rate of 
growth rather than the histopathology. Grossly, the 
tumor is a well-circumscribed, nodular mass with 

fibrous capsule. Microscopically, the tumor is com-
posed of variable amounts of hypercellular Antoni 
A and hypocellular Antoni B areas (Fig. 29.10). It 
may continue to grow and compress the cardiac 
chambers. The most common symptoms are chest 
pain, dyspnea, orthopnea, distal edema, and syn-
cope. After surgical treatment and complete resec-
tion, good outcomes have been reported in the 
reported cases [106–113].

29.3	 �Intermediate Tumors

29.3.1	 �Paraganglioma

No more than 300 patients with cardiac para-
ganliomas are described in the PubMed data-
base. The mean age at diagnosis is about 

Fig. 29.10  Right atrial (interatrial septum) schwannoma. 
The patient was a 59-year-old male who appeared asymp-
tomatic; the tumor was embedded in the myocardium of 

the interatrial septum measuring 4.5×3.5×3 cm in size; 
typical areas of Antoni A and B were observed
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40 years, with a slightly female predominance 
[114]. Cardiac paragangliomas may originate 
from the sympathetic nervous system as they 
usually display catecholamine-related symp-
toms which affect 77% of all patients (e.g., 
hypertension, flushing, sweating, diaphoresis, 
perspiration, palpitation, tachycardia, headache, 
dizziness, and syncope). Most patients bear seri-
ous hypertension (affecting 70%). However, 
dyspnea is quite uncommon, with an incidence 
of 20%. Moreover, chest pain (distress, discom-
fort, tightness, heaviness, or angina) is reported 
in about 20% patients, and the nonspecific sys-
tematic symptoms such as fatigue, fever, and 
weight loss are documented in about 10% 
patients [114, 115]. Asymptomatic cases are 
also reported [116, 117].

Cardiac paragangliomas are often intrapericar-
diac, and mostly arise from the epicardium (includ-
ing interatrial groove, and atrioventricular groove) 

and the root of the great vessels (including aorta, 
pulmonary artery, pulmonary vein, and vena cava). 
Published reports suggest that cardiac paragangli-
omas are closely related to left atrium, and the 
right-sided tumors are rather uncommon [114]. 
However, most tumors (about 60%) obtain blood 
supply from the right coronary artery.

Grossly, cardiac paragangliomas are often 
well-defined and high vascularized with a hemor-
rhagic cut surface. The adherence between the 
tumors and surrounding structures may be caused 
by compression rather than direct invasion. 
However, extensive myocardial infiltration could 
also be observed. The maximal diameter is about 
5.3  cm [114]. On microscopy, cardiac paragan-
gliomas composed mainly of so-called chief 
cells, grouped together in cell clusters or organ-
oid (“Zellbellen”) surrounded by a capillary net-
work (Fig. 29.11). Pigmented tumors are reported 
in three patients [118–120].

Fig. 29.11  Primary cardiac paraganglioma. The patient was 
a 42-year-old female who presented with hypertension for 
one year; the tumor was composed mainly of so-called chief 

cells, grouped together in cell clusters surrounded by a capil-
lary network; Chromogranin A was diffusely positive; CD34 
stain highlighted the capillary network; Ki-67 index was low
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Cardiac paraganglioma-related hypertension 
can be controlled by α-adrenergic blockers (urapi-
dil, doxazosin, phenoxybenzamine), β-adrenergic 
blockers (esmolol, atenolol, metoprolol), calcium 
channel antagonists (amlodipine, nifedipine), and 
angiotensin-converting enzyme inhibitors 
(ramipril). The most effective therapeutic strategy 
is surgery. In most cases, the tumor is firmly adher-
ent to the adjacent tissues; therefore, a portion of 
the affected structures had to be excised (the 
reported structures including left and right atrial 
wall, interatrial septum, pulmonary artery/vein, 
right ventricular wall, aortic sinus, aortic valve 
leaflets, and superior vena cava), and the defects 
are repaired by patches of pericardium (autolo-
gous or bovine), Dacron or polytetrafluoroethyl-
ene. The affected coronary artery can be 
revascularized using a saphenous vein graft. The 
prognosis after complete resection is rather good. 
The one- and 5-year overall survival rates are 98.2 
and 78.8%, respectively [114]. For the malignan-
cies, the follow-up information is obtained in five 
patients, in which four expired with a longest fol-
low-up period of 48 months [121–125]. Adjunctive 
chemotherapy and radiotherapy are reported, but 
the effects are still uncertain.

29.3.2	 �Inflammatory Myofibroblastic 
Tumor

Cardiac inflammatory myofibroblastic tumor is 
an extremely uncommon tumor. The exact inci-
dence is unknown due to very different terms 
used to designate the lesion and the lack of uni-
form diagnostic criteria. With our best knowl-
edge, less than 100 cases of cardiac inflammatory 
myofibroblastic tumors have been published in 
English. The majority of these lesions have been 
described in children and young adults, although 
there have been infrequent reports in older ado-
lescents. No gender predominance is found. 
Owing to its extremely rarity, the etiology of 
inflammatory myofibroblastic tumors still 
remains unresolved and the immunologic and 
infectious postulates are still to be validated.

Cardiac inflammatory myofibroblastic tumor 
is typically located within the endocardium. The 
tumor usually forms polypoid masses within the 

right atrium, less frequently within the ventricles 
or valves [126]. The left-sided tumor is relatively 
uncommon.

Patients with cardiac inflammatory myofibro-
blastic tumor are usually asymptomatic until 
hemodynamic changes and local invasion leading 
to cardiac insufficiency. Decreased exercise toler-
ance may be the most common symptom. The 
signs of respiratory and cardiovascular failure in 
our patients resulted from the tumor compressing 
the right heart, the confluence of great vessels and 
pericardial fluid, as well as airway compression on 
the right. The natural history is unpredictable. 
Patients undergoing surgical resection of the tumor 
usually have a favorable prognosis, while patients 
with an unresectable tumor may have a poor one 
because of the unpredictable progression of the 
tumor, like sudden death or embolism [127].

Tumor resection is a treatment of choice, and 
there is consensus about surgical treatment in 
symptomatic patients [128]. In patients with 
unresectable tumors, steroid therapy may be con-
sidered [129, 130].

29.4	 �Malignant Tumors

29.4.1	 �Angiosarcoma

Angiosarcoma is considered as the most common 
type of right heart sarcoma in most reports. The 
age range is 9–80 years, with a mean of 40 years 
[80]. Unlike other cardiac sarcomas, there is a 
marked right-sided predominance, nearly 90% 
occurring in the right atrium near the AV groove. 
Because of the propensity for pericardial involve-
ment, cardiac tamponade occurs more frequently 
than with other types of cardiac sarcomas [131]. 
Metastases occur in 66–89% of patients, most 
often to the lungs [132].

The tumor mass or masses are typically dark 
red or brown. The size ranges from 2.0 to 17 cm 
in greatest dimension. Invasion of the vena cava 
and tricuspid valve is common, but the atrial sep-
tum and pulmonary artery are usually spared. 
The pericardium is frequently involved, and may 
be the only site of the tumor.

The histological appearance of cardiac angio-
sarcoma does not differ from that of angiosarcoma 
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found elsewhere (Fig. 29.12). Histological grade is 
not an independent prognostic indicator in cardiac 
angiosarcomas and is not statistically correlated 
with survival [133].

Despite earlier presentation than in the past, the 
prognosis for cardiac angiosarcoma is very poor. 
Patients die either from localized effects of the 
tumor, which may include cardiac rupture, or meta-
static disease, commonly to the lungs or brain. 
There is an increased incidence in brain metastases 
following surgical intervention. This is postulated 
to be due to dissemination of tumor cells occurring 
at the time of surgery. Patients who do not undergo 
surgical resection have a mean survival of 
3.8 months, whereas the mean postoperative sur-
vival for those who undergo cardiac transplantation 
or total or partial resection is 10.6  months. 
Occasional long-term” (up to 53 months) survivors 
have been documented [131, 133, 134].

29.4.2	 �Undifferentiated Pleomorphic 
Sarcoma

Undifferentiated pleomorphic sarcoma, formerly 
named malignant fibrous histiocytoma, is consid-
ered as the second commonest sarcoma arising 
from the right heart. The tumor manifests a broad 
range of histological appearances with three-types 
described: storiform-pleomorphic, giant cell, and 

inflammatory. The mean age at diagnosis is about 
42  years. The tumor is often located in the left 
atrium, but can involve any site, including all cham-
bers, mitral or tricuspid valve, and pericardium 
[135]. Just as with cardiac myxomas, cardiac undif-
ferentiated pleomorphic sarcoma often manifests 
cardiorespiratory symptoms in which dyspnea is 
most common. Gastrointestinal symptoms, such as 
abdominal pain, diarrhea, appetite loss, and nausea, 
which appear more common than that of myxomas 
[136]. These extra-cardiorespiratory manifestations 
may be illustrated by hemodynamic changes of gas-
trointestinal circulation and growth of the malig-
nancy: invasion, necrosis or immune response. In 
addition, the systemic presentations such as fever 
and fatigue and central nervous symptoms such as 
cerebral embolic symptoms are also reported. They 
are more likely to be attributed to thrombus pro-
duced by hemodynamic changes rather than tumor 
fragments, since the tumor is usually not so friable. 
The little tumor size (maximal diameter, 3.5 cm) is 
thought to account for the lack of symptoms [135].

The maximal diameter of the tumor ranged 
from 2.6 to 10 cm. The laboratory tests appeared 
to be non-specific. The tumor is composed of sto-
riform, fascicular, or patternless arrangement of 
highly atypical spindled cells. Marked nuclear 
pleomorphism is observed in most cases. 
Abundant mitoses, often abnormal, and necrosis 
are apparent. The tumor may contain chronic 

Fig. 29.12  Right atrial angiosarcoma. Angiosarcoma is 
often highly infiltrative and not well demarcated. The 
patient was a 31-year-old female who presented with 
abdominal distension and generalized edema. Radiology 
image showed a huge tumor mass in the right atrium. She 

died 6 months after surgery. Histopathologically, tumor 
cells formed irregular, anastomosing vascular channels in 
well-differentiated areas, and endothelial cell lining may 
show multilayering or intraluminal tufting
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inflammatory infiltrate or osteoclastlike giant 
cells (Fig. 29.13). On radiography and echocar-
diography, the tumor is easily taken as myxoma 
or thrombus. Therefore, it is difficult to make an 
appropriate preoperative diagnosis, unless a dis-
tinct invasive growth pattern or pericardial effu-
sion is noted when the lesion is suggestive of a 
malignancy [135].

The median overall survival of those diag-
nosed ante-mortem is approximately 18 months. 
The survival analysis showed the outcome is not 
related to variables of tumor location, tumor size, 
chemotherapy/radiotherapy, and surgery [135].

29.4.3	 �Myxofibrosarcoma

Primary myxofibrosarcoma rarely arises in the 
heart. Less than 30 cases can be retrieved from 

PubMed database by far. According to the previ-
ous reports, patients’ age ranged from 6 to 81 years 
with a mean age of 40 years. The most common 
symptom is dyspnea, which is similar to other 
benign tumors such as cardiac myxomas [137].

The tumors involved predominantly the left 
atrium (Fig. 29.14). No more than five right sided 
cases are reported by far [138, 139]. 
Histopathologically, the tumor is composed of a 
myxoid matrix with incomplete fibrous septa. The 
tumor cells are plump and spindled, with ill defined, 
slightly eosinophilic cytoplasm and atypical, 
enlarged, hyperchromatic nuclei (Fig.  29.15). 
Cardiac myxofibrosarcomas are usually asymptom-
atic until an advanced stage, which could lead to a 
narrowed outflow tract contributing to dyspnea and 
palpitations. Like other sarcomas, myxofibrosarco-
mas show an infiltrative growth pattern and are usu-
ally large at diagnosis, resulting in incomplete 

Fig. 29.13  Undifferentiated pleomorphic sarcoma show markedly atypical cytologic features with marked nuclear 
enlargement, hyperchromasia, and pleomorphism. Mitotic figures are also easily identified
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surgical resection and local recurrence (recurrences 
occur in up to 50–60% of cases, unrelated to histo-
logical grade). Sometimes, patients only present 
with an incidentally observed, slowly enlarging and 
painless mass. A more embarrassing dilemma is 
that myxofibrosarcoma is insensitive to chemother-
apy and radiotherapy. Thus, even a low-grade 
myxofibrosarcoma may have a fatal outcome. The 
outcomes of the patients are disappointing, although 
some of them received aggressive postoperative 
radiotherapy and chemotherapy. Of all patients, 
only two achieved complete recovery [140, 141].

29.4.4	 �Leiomyosarcoma

It is well known that leiomyosarcoma is a com-
mon form of soft tissue sarcoma that is composed 
of cells showing distinct smooth muscle features. 
There have been no more than 200 cases of pri-
mary cardiac leiomyosarcoma reported in the 

literature to date [142, 143]. According to previous 
studies, the age at presentation is about 48 years 
(range 6 months to 86 years). The congestive heart 
failure related symptom is the most frequent com-
plaint at diagnosis, affecting 78% [144].

Primary cardiac leiomyosarcoma predomi-
nately arises from the left atrium (60%). Other 
documented locations includ the right ventricle 
(20%), right atrium (15%), and left ventricle (5%). 
Sometimes, the tumor may display an infiltrative 
growth pattern and involve the cardiac valve or 
occupy two or more heart chambers (22%). Unlike 
cardiac myxoma, this tumor rarely has a stalk, and 
rarely originates from the interatrial septum [144].

Grossly, primary cardiac leiomyosarcomas 
often appear multilobular, nodular, or polypoid. 
Thus the tumor may often be taken as myxoma on 
imaging detection, especially when it is located in 
the left atrium. The median maximal diameter is 
6.0  cm (range 1.5–13  cm). The tumor cell may 
appear spindle, epithelioid, or pleomorphic.

Fig. 29.14  A 42-year-old man who presented with dyspnea and palpitation of 1 month’s duration. Contrast-enhanced 
computed tomography revealed a lobular filling defect in the left atrium
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Nearly half of patients undergo postopera-
tive recurrence and metastasis, even complete 
resection is performed. The 5-year overall sur-
vival and local and metastatic recurrence-free 
survival rates are 25 and 15%, respectively. On 
univariate analysis, the known prognostic 
markers of age and operation are significant 
variables. There is a trend for patients with 
adjunctive therapy to have better outcomes 
than those without further therapy. The median 
recurrence-free survival is about 14  months 
(range 3 weeks to 5 years) [144].

29.4.5	 �Synovial Sarcoma

Primary cardiac synovial sarcoma is an extremely 
rare entity. An analysis of reviews shows that it is 
calculated to account for approximately 4.2%. The 
tumor appeared to have a striking male predomi-
nance (male/female ratio is approximately 3:1). At 

presentation, patients are a mean age of 37.1 years 
(range, 13–70 years). Dyspnea is the most common 
presenting symptom [145].

The most common location is pericardium 
(40%), followed by right atrium (24%) and left 
atrium (8%). On gross appearance, the tumor 
mass is often polypoid, solid, or lobulated, with a 
smooth or well-circumscribed external surface. It 
usually appears as a bulky mass and does not 
diffusely infiltrate the surrounding structures, so 
the initiation site can be well distinguished. Most 
tumors have a broad base, and some have a pedi-
cle or stalk. Sections through the tumor mass 
show variable patterns: some have firm, glazed, 
or elastic consistency, or are friable with some 
necrotic regions; others show cystic changes. It is 
tan-white or reddish with hemorrhage, and 
cream-yellow with necrosis. This is related to the 
histopathologic features: soft and tan when cells 
are rich, especially with glandular architectures, 
and elastic and white when abundant with fibrous 

a b

c d

Fig. 29.15  Hematoxylin and eosin and immunohistochemi-
cal staining of myxofibrosarcoma. (a–c) Hematoxylin and 
eosin staining showed a myxoid matrix containing elon-

gated, curvilinear vessels with a minor solid component. 
Mitotic figures were infrequent (d) CD34 staining defined 
the characteristic blood vessels
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stroma. Synovial sarcoma is biphasic or mono-
phasic (the tumor of this case is monophasic and 
composed of spinal cells) [145]. The t(X;18)
(p11; q11), as the cytogenetic hallmark of syno-
vial sarcoma, could be detected using traditional 
cytogenetics or combined binary fluorescence in 
situ hybridization [146].

Some tumors with a broad base that showed an 
infiltrative growth pattern made it impossible to 
perform a complete resection, and usually, tumor 
residues or a positive margin are left. Local recur-
rence and distant metastasis after the initial opera-
tion are the two most common adverse events. The 
median overall survival of the patients diagnosed 
antemortem is approximately 24 months. Survival 
rates are approximately 59.9% at 1 year and 29.9% 
at 5  years. Adjunctive chemotherapy and radio-
therapy, as well as age, affected the overall sur-
vival pattern [145].

29.4.6	 �Liposarcoma

Liposarcoma is a malignant tumor of mesenchymal 
origin that is one of the most common primary neo-
plasms in the thigh or retroperitoneum. Depending 
on their size and location within the heart, liposar-
comas may present with chest pain, symptoms of 
right- or left-sided heart failure, pericarditis with or 
without cardiac tamponade, palpitation, rhythm dis-
turbances, syncope, angina, cough and constitu-
tional symptoms like fever and weight loss. 
Dyspnea is the most common symptom. In cases 

where the tumor does not interfere with cardiac 
function, patients may be entirely asymptomatic 
[147–149].

Pericardium is the most common location of 
liposarcomas. All the four histologic subtypes: 
well-differentiated (or atypical lipoma), dedifferen-
tiated, myxoid/round cell and pleomorphic, are 
reported in the literature. Well-differentiated lipo-
sarcoma accounts for 40–45% of all liposarcomas 
and the lipoma-like form is by far the most common 
of its variants. S-100 protein immunoreactivity may 
help highlight the presence of multivacuolated lipo-
blasts (Fig. 29.16).

Primary cardiac liposarcomas are often asymp-
tomatic and may reach a considerable size before 
causing any symptoms related to direct invasion or 
compression of other thoracic organs [147]. 
Prognosis of liposarcoma is influenced by some 
factors: age, site, tumor size, surgicalmargins, surgi-
cal procedure, and radiation therapy. Complete 
tumor resection and adjuvant radiation therapy con-
tribute to reduce the risk of local recurrence and 
metastasis [150].

29.4.7	 �Rhabdomyosarcoma

Rhabdomyosarcoma is the most common primary 
cardiac malignancy in the pediatric age group, but 
can occasionally occur in adults. It should be noted 
that the rarity of rhabdomyosarcomas, as a primary 
cardiac tumor, means that epidemiological and 
other data are based on relatively few cases. Current 

Fig. 29.16  Primary pericardial liposarcoma. The patient was a 42-year-old man who presented with dyspnea. CT-scan dem-
onstrated a non-homogeneous density mass in pericardial sac, and a histopathologic diagnosis of liposarcoma was made
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evidence shows that rhabdomyosarcoma occurs 
equally in both sexes, and 75% occur in children 
less than 1-year-old [151].

Rhabdomyosarcoma may originate anywhere in 
the heart, and 60% of cases appear multicentric. 
They tend to arise within the myocardium, with no 
chamber bias, rather than as intraluminal masses. 
Cardiac rhabdomyosarcoma is slightly more com-
mon in males than females at a ratio of 1.4:1. 
Primary cardiac rhabdomyosarcoma always 
involves the myocardium, and may display intra-
cardiac or extra-cardiac extension. The tumor is 
bulky, invasive tumors that may exceed 10 cm in the 
greatest diameter [80]. Rhabdomyosarcoma cannot 
be distinguished from other cardiac tumors by 
means of the usual CT imaging; indeed, the radio-
logical appearance is often misinterpreted as car-
diac myxoma. In soft tissue tumor pathology, 
Rhabdomyosarcoma is classically divided into 
three major subtypes: embryonal (including botroid 
and spindle cell variants), alveolar (including a solid 
variant), and pleomorphic. The majority is of the 
embryonal type and may be well differentiated with 
numerous tadpole-shaped rhabdomyoblasts [152]. 
Prognostically spindle cell rhabdomyosarcoma in 
children have a better outcome when compared 
with the other classic forms of rhabdomyosarcoma, 
however, in adults from the available data, the prog-
nosis is worse, but not as bad as that with pleomor-
phic rhabdomyosarcoma. Recurrences and systemic 
(lung and bones) metastases, with death intervening 
within a short period (less than 2–3 years), are well 
on record [152].

29.4.8	 �Osteosarcoma

Primary cardiac osteosarcoma is extremely rare. 
Pathologically, there is a debate as to whether this 
type of tumor should be classified as extraskeletal 
osteosarcoma or undifferentiated pleomorphic sar-
coma with osteosarcomatous differentiation. 
Therefore, this tumor is not listed in the previous 
WHO classifications of cardiac tumors. In the 
fourth edition of WHO classification released in 
2015, it is added as a sole tumor type with an ICD-O 
code of 9180/3 [153]. Until now, only about a dozen 
cases of isolated primary cardiac osteosarcoma 
could be retrieved.

The mean age at presentation is 44 years ranging 
from 14 to 77 years without sex predominance. The 
most common presentation is congestive heart fail-
ure related symptoms. Central nervous system 
symptoms, for example, syncope, headache, dizzi-
ness, and hemiparesis, are also reported [154].

Primary cardiac osteosarcoma predominantly 
involves the left atrium (77%). Right heart osteosar-
comas are documented in about 20% cases. The 
tumor often occupies two or more cardiac cavities, 
diffusely involving the surrounding structures with 
a broad-base. Sometimes, the tumor is attached the 
myocardium with a stalk.

Grossly, the tumor mass may appear multidis-
tributed, multilobular, fungating or rounded. The 
external surface may be either smooth or rough. 
Gross invasion of the surrounding structures is often 
evident. The cut section is often yellowish-grey and 
firm in consistency, and it is fresh and hemorrhagic 
when tumor necrosis occurred. In some cases, cys-
tic changes and hemorrhage are observed. All of the 
three common subtypes of conventional osteosar-
coma that arise in the bone (osteoblastic, chondro-
blastic, and fibroblastic type) are reported in the 
heart (Fig. 29.17) [154].

In most cases, the tumor is usually hardly 
removed completely due to the extensive infiltra-
tion. Despite aggressive surgery and chemotherapy, 
the prognosis of the tumor is still very poor. 
Postoperative recurrence and distant metastasis are 
almost inescapable. Brain and bone are two of the 
most common metastatic sites. Based on the avail-
able data, the 5-year overall survival and disease-
free survival is 33.5 and 6.3%, respectively. The 
median overall survival of the patients diagnosed 
antemortem is approximately 20 months. On uni-
variate analysis, the clinical parameters of sex, 
tumor size, and adjunctive chemo/radiotherapy are 
significant variables [154].

29.4.9	 �Lymphoma

Primary cardiac lymphoma occurs with far lower 
frequency than cardiac involvement of dissemi-
nated lymphoma. The incidence of primary car-
diac lymphoma is about 0.05% [155]. There are 
more than 300 cases described in PubMed data-
base by far. The male-to-female ratio is 2:1, with 
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a median age of 63 years. Previous studies dem-
onstrated that the tumor is related to HIV infec-
tion. Dyspnea is the most common presenting 
symptom. Constitutional complaints and chest 
pain are the next two most common symptoms.

Primary cardiac lymphoma favors the right 
side of the heart, of which 92% have either the 

right atrium or right ventricle involved. Only 7% 
have left-side involvement in the absence of 

right-side involvement. The reason for this phe-
nomenon remains unclear. A possible explana-
tion might be that the right heart would more 
readily and frequently be exposed to any pre-
existing nodal lymphoma [156]. The most com-
mon subtype is diffuse large B cell lymphoma, 
accounting for more than 80% (Fig. 29.18). Other 
documented subtypes include Burkitte lym-
phoma, small lymphocytic lymphoma, T-cell 
lymphoma, and plasmablastic lymphoma.

The median overall survival of those diagnosed 
antemortem is approximately 12 months. The prog-
nosis of primary cardiac lymphoma is relatively 
good after chemotherapy. No effect of surgery, radi-
ation, and histology on overall survival is found.

Acknowledgement  This work was supported by the 
grants from the Postdoctoral Applied Research Fundation 
of Qingdao City and “Clinical Medicine + X” Project of 
Qingdao University (No. 2017Q12 and 2017238).

Fig. 29.17  Histopathologic features of primary cardiac 
osteosarcoma. Atypical spindle cells and osteoid struc-
tures were observed

Fig. 29.18  Primary right atrial cardiac lymphoma (diffuse 
large B cell lymphoma). Primary cardiac lymphomas usu-
ally arise from right atrium and diffusedly invade the adja-

cent myocardium with a smooth surface. The most common 
pathologic subtype is diffuse large B cell lymphoma. CD20 
is diffusely expressed in diffuse large B cell lymphoma
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Clinical Signs 
and Electrocardiography

Elisabeta Bădilă

Abstract

Right ventricular failure is a complex clinical 
syndrome that can result from any structural 
or functional cardiovascular disorder that 
impairs the ability of the right ventricle to fill 
or to eject blood. The approach to the patient 
with known or suspected right heart pathology 
begins with a directed history and targeted 
physical examination, the scope of which 
depends on the clinical context at the time of 
presentation. These exams are augmented by a 
series of paraclinic tests that help to accurately 
establish etiology and classify severity. 
Symptoms of right heart disease are often due 
to the underlying disease and depend on the 
severity of the condition. In acute life threat-
ening situations, i.e. acute pulmonary embo-
lism or right ventricular myocardial infarction, 
the clinical presentation may be dominated by 
hemodynamic instability even progressing to 
cardiogenic shock. The clinical signs encoun-
tered in patients with chronic right heart 
pathology are initially due to the development 
of pulmonary hypertension; afterwards, they 
are completed by the development of right 
ventricular hypertrophy and a typical picture 

of right ventricular failure, dominated by sys-
temic congestion.

The electrocardiogram is a standard part of 
the initial assessment of every patient with 
suspected right heart failure and also in previ-
ously diagnosed patients presented for a rou-
tine examination or for a new decompensation. 
Right ventricular hypertrophy, right axis devi-
ation, and right bundle-branch block may sug-
gest chronic right ventricular pressure 
overload. The sensitivity of the ECG for the 
diagnosis of pulmonary hypertension is poor, 
whereas the specificity of signs of right  
ventricular hypertrophy is high. 
Electrocardiographic changes do not correlate 
with disease severity or prognosis.

Keywords

Right ventricular failure · Right ventricular 
hypertrophy · Pulmonary hypertension 
Systemic congestion · Electrocardiography 
in right heart disease

30.1	 �Overview

Right heart pathology most frequently manifests 
as right ventricular failure (RVF). The two widely 
used terms of right versus left ventricle failure 
refer to the two clinical syndromes where pulmo-
nary versus systemic congestion dominate. The 
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concept of congestive heart failure refers to 
global heart failure, comprising both systemic 
and pulmonary venous stasis (congestion). The 
term “cor pulmonale” is popular, however, cur-
rently, it has no consensual definition, and it 
seems more appropriate to define this condition 
by the presence of pulmonary hypertension (PH) 
resulting from diseases affecting the structure 
and/or the function of the lungs: PH results in 
right ventricular enlargement and may lead, with 
time, to right heart failure (RHF) [1].

Right heart failure can occur in the develop-
ment of left sided heart failure, in this case lead-
ing to global heart failure, or can occur separately, 
as in the case of primary pulmonary hyperten-
sion, pericarditis, left to right shunt (atrial septal 
defect, ventricular septal defect, anomalous pul-
monary venous return), Eisenmenger syndrome, 
pulmonary embolism, mitral stenosis, stenosis of 
the pulmonic valve or pulmonary artery. Other 
examples of right ventricular diseases include 
right ventricular myocardial infarction and vari-
ous types of cardiomyopathy affecting the right 
ventricle. Chronic obstructive pulmonary disease 
(COPD) is the most common cause of cor pulmo-
nale, while idiopathic pulmonary fibrosis and the 
obesity-hypoventilation syndrome are much less 
frequent etiologies [1].

Right ventricular (RV) failure is therefore a 
complex clinical syndrome that can result from 
any structural or functional cardiovascular disor-
der that impairs the ability of the RV to fill or to 
eject blood. The cardinal clinical manifestations of 
RV failure are: (a) fluid retention, which may lead 
to peripheral edema, ascites, and anasarca; (b) 
decreased systolic reserve or low cardiac output, 
which may lead to exercise intolerance and fatigue; 
or (c) atrial or ventricular arrhythmias. RV dys-
function, on the other hand, refers to abnormalities 
of filling or contraction without reference to signs 
or symptoms of heart failure (HF) [2].

History taking and the clinical examination 
still remain key diagnostic elements and are aug-
mented by a series of paraclinic tests that help to 
accurately establish etiology and classify severity. 
In general, when addressing the clinical manifes-
tations of the right heart pathology, we consider 
two distinct categories of patients: those with an 
acute presentation (pulmonary embolism, RV 

infarction, arrhythmogenic RV dysplasia), and 
those with chronic pulmonary arterial hyperten-
sion (PAH) who develop RV failure [3]. Chronic 
pulmonary hypertension develops over weeks to 
months, and leads to RV concentric hypertrophy, 
without inflammation, that may progress slowly 
to RV failure. In contrast, pulmonary embolism 
(PE) results in an abrupt vascular occlusion lead-
ing to increased pulmonary artery pressure within 
minutes to hours, which causes immediate defor-
mation of the RV. Right ventricular injury is sec-
ondary to mechanical stretch, shear force, and 
ischemia that together provoke a cytokine and 
chemokine-mediated inflammatory phenotype 
that amplifies injury [4].

The approach to the patient with known or 
suspected right heart pathology begins with a 
directed history and targeted physical examina-
tion, the scope of which depends on the clinical 
context at the time of presentation. In those pre-
senting for a routine check-up, a more detailed or 
thorough examination may be conducted, whilst 
in the case of patients presented at the emergency 
room, a more focused approach should be taken. 
When taking past medical history it is very 
important to inquire about the presence of coro-
nary artery disease, emphysema/chronic bronchi-
tis, history of deep venous thrombosis, recurrent 
abortions, autoimmune diseases, and infections.

Right ventricular failure shows signs and 
symptoms which are distinct from those seen in 
the case of left ventricular failure. Most patients 
may display clinical findings which easily clarify 
the diagnosis; however, the elderly may prove 
paucisymptomatic, showing only a typical mani-
festations such as asthenia, abdominal discom-
fort or obnubilation. Conversely, in those with 
typical findings, such as dyspnoea and oedema, 
the underlying etiology may prove to be lung dis-
ease, chronic venous insufficiency, or obesity, in 
the absence of significant cardiac disease.

30.2	 �Symptoms of Right Heart 
Disease

Symptoms of right heart disease are often due to 
the underlying disease and depend on the severity 
of the condition. Symptoms may be divided into 
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those that accompany right ventricular heart fail-
ure and the additional findings of biventricular 
failure.

Dyspnea, the subjective complaint of discom-
fort while breathing, develops later than in the 
case of left ventricular failure (LVF) and is rarely 
a dominant complaint. In lone right heart failure, 
which does not occur as a consequence of LVF, 
pulmonary congestion is absent and orthopnea is 
not noted. Dyspnea in right heart failure is the 
result of the following mechanisms: (a) decreased 
pulmonary function secondary to decreased com-
pliance and increased airway resistance; (b) 
increased ventilatory drive secondary to hypox-
emia due to increased pulmonary capillary wedge 
pressure (PCWP), ventilation/perfusion (V/Q) 
mismatching due to increased PCWP, and low 
cardiac output; (c) increased carbon dioxide pro-
duction; (d) respiratory muscle dysfunction, with 
decreased respiratory muscle strength, decreased 
endurance, and ischemia [5]. When hydrothorax 
develops, dyspnea usually intensifies because of 
further reductions in vital capacity.

Pulmonary hypertension (whether primary or 
secondary) contributes to increased dyspnea by 
increasing pulmonary pressure during exercise, 
even leading to exercise intolerance. When car-
diac output becomes markedly reduced in patients 
with terminal RHF (in the late stages of primary 
pulmonary hypertension and pulmonary throm-
boembolic disease), severe dyspnea at rest may 
occur.

Exertional chest pain or pressure (i.e., angina) 
may occur as a result of secondary right myocar-
dial ischemia due to subendocardial hypoperfu-
sion from increased filling pressure, poor cardiac 
output, or hypotension and hypoxemia. Even in 
the absence of significant obstructive atheroscle-
rotic coronary disease, patients with chronic PAH 
are at risk for RV myocardial ischemia due to 
imbalances in myocardial supply and demand, 
reduced diastolic right coronary perfusion, 
increased wall stress, that can develop with per-
turbations in RV preload and afterload, precipi-
tating even acute RV failure [3].

Individuals with chronic PAH poorly tolerate 
atherosclerotic coronary lesions. Chest pain can 
be occasionally caused by the dynamic compres-
sion of the left main coronary artery by an 

enlarged pulmonary artery; this risk is greatest 
for patients with a pulmonary artery trunk at least 
40 mm in diameter [6, 7].

Palpitations can be secondary to sinus tachy-
cardia due to hypoxemia, to decompensated heart 
failure, or more commonly, to tachyarrhythmias. 
Patients with chronic PAH are at risk for atrial 
and ventricular tachyarrhythmias, both being 
poorly tolerated and able to lead to rapid RV fail-
ure, clinical decompensation and hemodynamic 
instability.

There are several conditions which precipitate 
the occurrence of arrhythmias in patients with 
RV failure. Chronic PAH is commonly associated 
with tricuspid regurgitation and annular dilata-
tion. As the right atrium dilates to accommodate 
the regurgitant volume, fibrosis ensues. Areas of 
macro or micro re-entry can subsequently 
develop, and the conditions for atrial flutter and 
fibrillation are thus created. Periods of increased 
atrial stretch (occurring with volume overload) 
and premature atrial contractions are enough to 
trigger re-entry in those patients who are suscep-
tible [2]. Many studies have demonstrated that 
atrial flutter or atrial fibrillation is associated with 
an increased risk of morbidity or mortality in 
patients with pulmonary hypertension [8].

Metabolic disturbances, including hypoxia 
and acidosis, become a source for atrial and ven-
tricular arrhythmias that arise from myocardial 
automaticity [3]. Atrial tachycardia and multifo-
cal atrial tachycardia are two such arrhythmias 
commonly encountered in patients with chronic 
PAH and RV failure.

Ventricular tachycardia arising from the RV 
may occur in RV myocardial infarction, pulmo-
nary arterial hypertension, coronary heart dis-
ease, arrhythmogenic RV dysplasia, and 
idiopathic RV outflow tract tachycardia [9].

Sinus node dysfunction and atrioventricular 
conduction blocks (in RV myocardial infarction, 
infiltrative disease, and myocarditis) may also 
contribute to exercise intolerance and hemody-
namic instability in patients with RV 
dysfunction.

Exertional syncope is due to the inability to 
increase cardiac output during activity or reflex 
bradycardia that is secondary to mechanorecep-
tor activation in the right ventricle.

30  Clinical Signs and Electrocardiography
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Sudden death in patients with RV disease 
often is caused by tachyarrhythmia or bradycar-
dia. Less common non-arrhythmogenic etiolo-
gies of sudden death should also be considered, 
include massive pulmonary embolism, pulmo-
nary haemorrhage, mechanical complications 
associated with RV myocardial infarction [2] or 
rare cases of dissection or rupture of the pulmo-
nary artery [10].

In the modern era of PAH management, sud-
den cardiac death is still responsible for about 
28% of deaths [9]. In contrast to patients with 
advanced left heart disease, malignant ventricular 
arrhythmias such as ventricular tachycardia and 
ventricular fibrillation are relatively rare in 
patients with PAH and RV pathology. In these 
patients, pulseless electrical activity is often her-
alded by bradycardia.

Gastrointestinal symptoms of right heart fail-
ure are caused by congestion of the hepatic and 
gastrointestinal venous circulation, and include 
anorexia, nausea, vomiting, weight loss, bloating, 
and constipation. Right upper quadrant abdomi-
nal pain, epigastric pain, and increased abdomi-
nal girth are also due to the systemic congestion. 
Constipation is a common complaint among 
patients with heart failure, and it can be a mani-
festation of decreased intestinal transit secondary 
to poor perfusion. In pre-terminal heart failure, 
inadequate bowel perfusion can cause abdominal 
pain, distention, and bloody stools.

Asthenia and fatigue are the expression of 
hypoxia and deconditioning of skeletal muscles, 
and can become severe, worsening with decreased 
cardiac output. Asthenia is worsening by hypo-
volaemia and implicitly by diuretic treatment.

Cardiac cachexia is found in longstanding 
right ventricle heart failure, because of anorexia 
from hepatic and intestinal congestion. Cachexia 
may lead to an extensive workup for malignant 
disease [11].

Neurologic symptoms may appear due to 
decreased cardiac output and hypoxemia.

Other symptoms are related to the pathology 
that caused right ventricular failure. Thus, pul-
monary hypertension can cause more typical 
symptoms like exertional chest pain, exertional 
syncope, anorexia, abdominal pain, but also 

uncommon symptoms including cough, hemop-
tysis, and hoarseness may appear. The hoarseness 
(Ortner’s syndrome) is caused by compression of 
the left recurrent laryngeal nerve by a dilated 
main pulmonary artery [12].

In the case of pulmonary embolism common 
findings are dyspnea, anxiety, thoracic pain, pal-
pitations, but also signs of deep vein thrombosis, 
hemoptysis, or even fulminant RV failure. 
Patients with acute RV failure in the setting of 
acute massive pulmonary embolism usually pres-
ent dramatically with the typical symptoms of PE 
along with syncope, cardiogenic shock, hypoxia, 
and/or cardiac arrest [13]. A rapid differentiation 
between acute and chronic pulmonary embolism 
is required as management strategies, follow-up, 
and prognosis differ. Patients with chronic pul-
monary hypertension are at risk for pulmonary 
embolism, both from in situ pulmonary arterial 
clot formation and central venous catheter and 
deep venous sources.

In chronic obstructive pulmonary disease, 
symptoms such as wheezing, chronic productive 
cough, dyspnea on exertion, and fatigue are gen-
erally present in advanced chronic respiratory 
disease with or without pulmonary hypertension. 
In COPD, they are essentially the consequence of 
airflow limitation and hyperinflation rather than 
PH.

Symptoms associated with biventricular heart 
failure are as follows: progressive dyspnea, orthop-
nea, paroxysmal nocturnal dyspnea, wheezing 
and/or cough (i.e., cardiac asthma), anxiety (multi-
factorial causes include dyspnea, palpitations, and 
increased sympathetic tone) [12].

More details regarding pulmonary embolism, 
pulmonary hypertension (primary or secondary), 
RV infarction, arrhythmia in RV pathology, 
pulmonary disease, and RV dysfunction are pro-
vided in other dedicated chapters of this book.

30.3	 �Clinical Signs

The physical examination of the patient depends 
on the pathology that causes RV failure and its 
onset. In acute life threatening situations, i.e. 
acute pulmonary embolism or RV myocardial 
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infarction, the clinical presentation may be domi-
nated by hemodynamic instability even progress-
ing to cardiogenic shock. The clinical signs 
encountered in patients with chronic right heart 
pathology are initially due to the development of 
pulmonary hypertension; afterwards, they are 
completed by the development of RV hypertro-
phy and a typical picture of right ventricular fail-
ure, dominated by systemic congestion.

The evaluation for the presence and severity 
of heart failure should include consideration of 
the patient’s general appearance, measurement of 
vital signs, examination of the cardiovascular 
system, and assessment of other organs for evi-
dence of congestion, hypoperfusion, or indica-
tions of comorbid conditions.

When performing the physical examination 
one should follow signs of peripheral retrograde 
stasis, cardiac signs and general signs.

30.3.1	 �Signs of Peripheral 
Retrograde Stasis

These occur due to chronic marked elevation of 
systemic venous pressure secondary to elevated 
right sided heart pressures, transmitted backward 
into the vein circulation.

Jugular venous distention (Fig. 30.1) consists 
of engorgement of jugular and other neck veins. 
The assessment should be done with the patient 
in dorsal decubitus at 45°. Normally, jugular 
venous pressure (JVP) declines with inspiration. 
The paradoxical rise of JVP during inspiration in 
RV failure is a finding sign known as the 
Kussmaul sign; it is the result of the increase in 
venous return, in right atrial pressure, and there-
fore right sided heart failure. This finding, how-
ever, may not be very obvious with marked 
venous distension. Kussmaul sign may indicate 
not only right ventricular failure, and can also be 
found in constrictive pericarditis, tricuspid steno-
sis, or cor pulmonale.

The jugular vein is very pulsatile and may be 
confused with the carotid arterial pulse. Arterial 
pulsations in the neck can be differentiated from 
venous pulsations on the basis of contour; an 
arterial pulse has its predominant (more rapid) 

motion directed outward, whereas a venous pulse 
tends to collapse inward. A systolic thrill may be 
felt over the jugular vein in patients with severe 
tricuspid regurgitation.

The evidence of congestion does not always 
indicate with certainty that right heart failure is 
present. A more definitive test for assessment of 
a patient’s volume status is by the measurement 
of jugular venous pressure. The JVP is usually 
assessed by observing the right side of the 
patient’s neck; measurement is best performed 
with the patient comfortably seated on an exam-
ining table in a warm, well-lighted room with the 
neck fully exposed from the clavicle to the ear. 
Assessment of JVP is usually initiated with the 
patient’s upper torso elevated at a 30- to 45-degree 
angle, but it can be performed at virtually any 
angle so long as the true height of the meniscus of 
the venous pulse can be identified. The vertical 
distance of the venous pulse above the angle of 

Fig. 30.1  Jugular venous distension in a 78-year-old 
female patient with tricuspid disease (moderate stenosis, 
severe regurgitation), with a surgical intervention for 
mitral stenosis in 1993, with metallic prosthesis, with 
severe right heart failure symptoms (image from personal 
collection with patient permission)

30  Clinical Signs and Electrocardiography
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Louis at the second intercostal space of the ster-
num is then determined, and 5 cm (to account for 
the vertical distance to the mid-portion of the 
right atrium) is added to determine right atrial 
pressure [11]. Normally, JVP does not exceed 
3–4  cm above the sternal angle; adding the 
approximately 5 cm since the right atrium below 
the sternal angle, the JVP corresponds to 9  cm 
H2O  =  7  mmHg [14]. An elevated JVP means 
over 4  cm above sternal angle. Both sensitivity 
and specificity of the JVP in detecting congestion 
can be improved by exerting pressure on the right 
upper quadrant of the abdomen while assessing 
venous pulsations in the neck (i.e., hepatojugular 
or abdominojugular reflux). An elevated JVP 
detects both systemic congestion as well as 
increased right atrial pressures in patients with 
PAH on the basis of abnormalities in the lung or 
pulmonary vasculature itself or when injury 
(such as infarction) to the right ventricle occurs. 
There is also a good sensitivity (70%) and speci-
ficity (79%) between high JVP and elevated left-
sided filling pressure [11].

The normal jugular venous pulse has a shape 
characterized by the presence of several individ-
ual components that can be usually identified. It 
contains three positive waves; by convention 
these are labeled a, c, and v (Fig. 30.2).

These positive deflections occur, respectively, 
before the carotid upstroke and just after the P 
wave of the ECG (a wave); simultaneous with the 

upstroke of the carotid pulse (c wave); and during 
ventricular systole until the tricuspid valve opens 
(v wave). The a wave is generated by atrial con-
traction, which actively fills the right ventricle in 
end-diastole. The c wave is caused either by 
transmission of the carotid arterial impulse 
through the external and internal jugular veins or 
by the bulging of the tricuspid valve into the right 
atrium in early systole. The v wave reflects the 
passive increase in pressure and volume of the 
right atrium as it fills in late systole and early 
diastole. Normally the crests of the a and v waves 
are approximately equal in amplitude. The nega-
tive waves of the jugular venous pulse occur 
between the a and c wave (x descent), between 
the c and v wave (x′ descent), and between the v 
and a wave (y descent). The x and x′ descents 
reflect movement of the lower portion of the right 
atrium toward the right ventricle during the final 
phases of ventricular systole. The y descent rep-
resents the abrupt termination of the downstroke 
of the v wave during early diastole after the tri-
cuspid valve opens and the right ventricle begins 
to fill passively. Normally the y descent is neither 
as brisk nor as deep as the x descent [14]. 
Abnormalities in the jugular venous pulse may be 
reflected in either the mean pressure, amplitude, 
or configuration of the positive waves or negative 
troughs, or in the sequence or absence of the pos-
itive waves.

In right ventricular pathology, the jugular 
pulse may have a prominent a wave, indicating 
elevated right atrial pressure. Prominent v waves 
with rapid y descent indicate tricuspid regurgita-
tion. Progression to a systolic or c-v wave occurs 
in severe tricuspid insufficiency and may appear 
as systolic liver pulsations [15].

The hepatojugular reflux is the distention of 
the jugular vein induced by applying manual 
pressure over the liver for as long as 1 min. The 
evaluation is done with the patient also posi-
tioned at a 45° angle. Pressure applied on the 
abdomen in the right upper quadrant leads to 
compression on the inferior vena cava, increased 
venous return, and increased central venous pres-
sure. The hepatojugular reflux is not specific to 
any one disorder, but is a reflection of a right ven-
tricle that cannot accommodate augmented 

Electrocardiography
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Fig. 30.2  Timing of the jugular venous pulse is dis-
played in relation to the carotid arterial tracing, first (S1) 
and second (S2) heart sounds, and the electrocardiogram
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venous return. Hepatojugular reflux occurs in 
patients with elevated left sided filling pressures 
and reflects elevated capillary wedge pressure 
(greater than 15 mmHg) and left sided heart fail-
ure [11]. Constrictive pericarditis, right ventricu-
lar infarction, and restrictive cardiomyopathy are 
other common causes of a positive finding. The 
one diagnosis not seen with abdominojugular 
reflux is cardiac tamponade [16].

Congestive hepatomegaly with painful liver 
on palpation is common in patients with chronic 
right sided heart failure, but it may also occur 
rapidly in acute heart failure. When hepatomeg-
aly occurs acutely, the liver is usually tender. In 
patients with considerable tricuspid regurgita-
tion, a prominent systolic pulsation of the liver, 
attributable to an enlarged right atrial v wave, is 
often noted. A presystolic pulsation of the liver, 
attributable to an enlarged right atrial a wave, can 
occur in tricuspid stenosis, constrictive pericardi-
tis, restrictive cardio-myopathy involving the 
right ventricle, and primary or secondary pulmo-
nary hypertension.

Cardiac cirrhosis includes by definition a 
spectrum of hepatic changes occurring in evolu-
tion of right sided heart failure [1]. Despite its 
name, cardiac cirrhosis rarely satisfies strict 
pathologic criteria for cirrhosis. The terms con-
gestive hepatopathy and chronic passive liver 
congestion are more accurate, but the name car-
diac cirrhosis has become conventionally used in 
these cases. In patients with long-term evolution 
of right heart failure, liver cirrhosis may occur, 
which usually implies congestive hepatopathy 
that results in liver fibrosis. The deleterious 
effects of HF on the liver are a consequence of 
chronic congestion in the systemic venous sys-
tem secondary to volume and pressure overload, 
compromised liver perfusion by reduced cardiac 
output causing hypoxic injury and fatty liver 
changes. Cardiac failure may also be accompa-
nied by changes in liver enzymes. Approximately 
25% of patients enrolled in the Romanian Acute 
Heart Failure Syndromes (RO-AHFS) registry 
were found to have abnormally high transami-
nases levels, and these were most prevalent in 
patients classified as suffering from right HF or 
cardiogenic shock upon initial presentation. Most 

importantly, more pronounced elevations in 
transaminases are suggestive of progressive 
pump failure, and are independently associated 
with increased short-term mortality in patients 
hospitalized for HF [17]. Distinguishing cardiac 
cirrhosis from ischemic hepatitis is important. 
The latter involves massive hepatocellular necro-
sis caused by sudden cardiogenic shock or other 
hemodynamic collapse. Typically, sudden and 
dramatic serum hepatic transaminase elevations 
lead to its discovery.

Congestive splenomegaly with pain on palpa-
tion in the left hypochondium may be found.

Peripheral edema is frequently perimaleolar 
or pretibial, but also affects the abdominal wall 
(the skin appears as of an orange peel, “peau 
d’orange”) or the lower back (sacral edema) 
especially in immobilized patients. The edema is 
cold and in time becomes harsh, with cyanosis of 
the overlying skin, and non-pitting edema. Most 
often, in heart failure, lower extremities are sym-
metrical, but sometimes they may evolve asym-
metrically [18]. Chronic edema may be associated 
with lower extremity pigmentation, induration, 
and cellulitis. Although edema is a cardinal man-
ifestation of heart failure, it does not correlate 
well with the level of systemic venous pressure. 
Usually, a substantial gain of extracellular fluid 
volume (i.e., a minimum of 5 L in adults) must 
occur before peripheral edema develops [11]. 
Edema in the absence of dyspnea or other signs 
of volume overload is nonspecific for heart fail-
ure and can be observed in many other condi-
tions. Pedal edema may be the result of chronic 
venous insufficiency (particularly after saphe-
nous veins have been harvested for coronary 
artery bypass grafts; there are often additional 
signs of venous disease, such as extensive vari-
cosities, medial ulcers, or brownish pigmentation 
from hemosiderin deposition), a side effect of 
medications (e.g., dihydropyridine calcium chan-
nel blockers, thiazolidinediones), a consequence 
of portal hypertension in a cirrhotic patient or of 
nephrotic syndrome, or other syndromes of hypo-
proteinemia. In heart failure, edema may also 
indicate the presence of secondary hyperaldoste-
ronism induced by functional renal insufficiency 
[19]. Asymmetrical swelling can reflect local or 
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unilateral venous thrombosis, lymphatic obstruc-
tion, or the sequelae of previous vein graft har-
vesting. Homans’ sign (calf pain on forceful 
dorsiflexion of the foot) is neither specific nor 
sensitive for deep venous thrombosis [11]. In 
conclusion, the presence of peripheral edema is 
not synonymous with right heart failure.

Transudative serous effusions—pleural, peri-
toneal, and pericardial, are not uncommon in 
patients with congestive right heart failure. 
Pleural effusion or hydrothorax results from 
increased interstitial fluid in the lung due to ele-
vated pulmonary capillary pressure and less often 
may occur in association with isolated right HF 
[20]. The presence of a pleural effusion is usually 
indicative of increased filling pressures on both 
the right and left sides of the heart. When hydro-
thorax develops, dyspnea usually intensifies 
because of further reductions in vital capacity. 
Dullness to percussion and diminished breath 
sounds at one or both lung bases suggest the pres-
ence of a pleural effusion. Bilateral pleural effu-
sions are most common, but when an effusion is 
present unilaterally, it is usually right sided; only 
~10% occur exclusively on the left side [11]. The 
fluid typically meets the biochemical characteris-
tics of a transudate, although in 25% of the cases 
it may fall into the exudative range [20]. Testing 
for natriuretic peptides, such as NT-proBNP, sig-
nificantly aids in diagnosing or excluding HF in 
patients with pleural effusion of unknown origin. 
The measurement of pleural fluid NT-proBNP is 
the best means to identify pleural effusions that 
meet the exudative criteria of Light but are due to 
HF. At a cut-off point of ≥1714 pg/mL, the test 
has a sensitivity of 99%, a specificity of 99% for 
the diagnosis of heart failure [21]. The test may 
be especially useful in heart failure patients with 
exudates who have been treated with diuretics. 
However, if natriuretic peptide assays are not 
available, calculation of the serum to pleural fluid 
albumin gradient represents a good substitute for 
making this distinction [20].

Ascites occurs in patients with increased pres-
sure in the hepatic veins and in the veins draining 
into the peritoneum, and usually reflects long-
standing systemic venous hypertension. History 
and physical examination provide clues to the 
possible etiology of ascites formation. 

Sometimes, abdominal paracentesis with appro-
priate ascitic fluid biochemical analysis is con-
sidered the most cost-effective method for 
diagnosing the cause of ascites. Due to the low 
specificity of Light criteria for the differentiation 
between peritoneal effusions, serum ascites albu-
min gradient (SAAG) has been proposed more 
recently as a physiologically based alternative to 
the traditional classification of ascites into tran-
sudates/exudates. SAAG is calculated as the dif-
ference between serum and ascites albumin 
concentration and was demonstrated to correlate 
directly with measured portal pressure. 
Consequently, SAAG ≥11 g/L suggests the pres-
ence of portal hypertension (as in the case of 
RHF), while SAAG values <11 g/L are found in 
patients with normal portal pressure [22].

Transudative pericardial effusion may some-
times be seen in the clinical picture of heart fail-
ure. Hydropericardium forms only with 
elevation of the right-sided filling pressure in 
the heart. In patients with biventricular failure, 
there is no evidence that elevated left-sided 
pressure, in the absence of elevated right-sided 
pressure, can cause a pericardial effusion [23]. 
Echocardiography is used to diagnose the pres-
ence of pericardial effusions, but cannot be used 
to clearly determine their etiology.

The association of serous effusions with gen-
eralized edema, usually evident in congestive 
heart failure, defines anasarca [18]. Anasarca is 
rare in heart failure unless long-standing, 
untreated, and accompanied by hypoalbumin-
emia [11].

30.3.2	 �Cardiac Findings

Cardiac signs depend on the pathology that 
caused right heart failure. In the chronic disease 
associated with pulmonary hypertension, patients 
develop physical signs as they progress from PH 
alone to PH associated with right ventricular 
failure.

Palpable pulmonary artery pulsations, pul-
monic valve closure, or an abnormal systolic ster-
nal or left parasternal lift suggests both pulmonary 
and right ventricular hypertension (particularly if 
it is accompanied by pulsations in the subxiphoid 
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region) [11]. When the right ventricle is enlarged, 
it may become palpable in the epigastric region 
(Hartzer sign) [18].

Most cardiac signs that are present in right 
ventricular pathology are found at auscultation.

Tachycardia may be present as a sign of 
increased adrenergic activity.

Signs of pulmonary hypertension include a 
closely split S2 with a loud pulmonic component 
P2. Accentuation of P2 heart sound is a cardinal 
sign of increased pulmonary artery pressure; it 
disappears or improves after treatment of heart 
failure. The second heart sound is narrowly split 
or single in patients with preserved right ventric-
ular function. Right ventricular failure (or a right 
bundle branch block) widens the splitting of the 
second heart sound [12].

A right sided S3 sound is often associated with 
an extremely dilated right ventricle. A right S4 
sound may also be heard if there is significant 
right ventricular hypertrophy; it results from right 
atrial contraction into a noncompliant right ven-
tricle. An increase in the intensity of either gallop 
sound during inspiration indicates that it origi-
nated in the right ventricle [11]. Right ventricular 
third and fourth heart sounds are commonly 
appreciated at the lower left sternal border of the 
sternum or over the xiphoid.

In some patients with severe and progressive 
RV failure, pulmonary arterial pressure may 
decrease as a consequence of low cardiac output 
[2]. Therefore, the interpretation of pulmonary 
pressure in patients with PH should always take 
into account the degree of RV failure and effec-
tive cardiac output.

Auscultation may often reveal a murmur of tri-
cuspid regurgitation. Tricuspid regurgitation (TR) 
is classically associated with a holosystolic mur-
mur that is best heard at the right or lower left ster-
nal border or at the subxiphoid area. When the 
right ventricle is very enlarged, the murmur may 
be displaced laterally and may even be appreciated 
at the apex. There is usually little radiation of the 
murmur, and a thrill is generally not palpable. 
However, the murmur of TR may be soft or absent, 
even when regurgitation is severe [24]. The tricus-
pid insufficiency murmur may also become softer 
as volume overload is treated, and a reduction in 
ventricular size improves valve competency.

Tricuspid regurgitation in adults is most com-
monly functional, defined as regurgitation with 
apparently anatomically normal leaflets and 
chords. The cause of functional TR is most likely 
the dilatation of the right atrium and right ventri-
cle with dilation of the tricuspid annulus and poor 
leaflet coaptation [25]. These modifications may 
result from any condition that directly involves 
the right ventricle or causes elevation in right 
ventricular systolic pressure.

The murmur intensifies with inspiration and 
decreases with expiration (Rivero Carvallo sign). 
During inspiration, the venous blood flow into the 
right atrium and ventricle are increased, which 
increases the stroke volume of the right ventricle 
during systole. As a result, the leak of blood from 
the right ventricle into the right atrium is larger 
during inspiration, causing the murmur to become 
louder. Respiratory variation in the intensity of 
the murmur may be observed especially in 
patients with mild to moderate TR, and may not 
be appreciated in patients with severe TR or 
marked RV enlargement and dysfunction [24]. 
The murmur may also become louder after a pre-
mature beat and prolonged diastole.

A significant tricuspid regurgitation may fur-
ther aggravate RV volume overload and decrease 
cardiac output. Right ventricular diastolic dys-
function and tricuspid regurgitation may accentu-
ate right-to-left shunting through a patent 
foramen ovale and lead to hypoxemia [2].

Tricuspid regurgitation can be differentiated 
from mitral regurgitation by the location of the 
murmur, an increased intensity during inspira-
tion, and the presence of prominent v waves in 
the jugular venous pulse. The murmur of mitral 
regurgitation becomes louder during expiration 
due to the increase in venous return from the pul-
monary veins to the left heart.

Diastolic murmurs are usually absent in tri-
cuspid regurgitation, although a diastolic rum-
ble may be heard particularly if there is 
associated tricuspid stenosis or when there is 
substantial blood flow across the tricuspid valve 
during diastole, which may occur with an atrial 
septal defect [24].

A diastolic pulmonic regurgitation murmur 
can be heard in the setting of a more severe dis-
ease. This is known as the Graham Steell 
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murmur and it is a high-pitched, blowing dia-
stolic murmur beginning with a loud P2 and con-
tinuing through most of diastole. Pulmonary 
regurgitation murmur may be absent in mild to 
moderate situations, but in severe regurgita-
tions, especially determined by pulmonary 
hypertension, causes a high-pitched diastolic 
murmur that might be misinterpreted as aortic 
regurgitation.

Cardiac findings in acute situations get a more 
dramatic clinical picture. The physical exam in 
acute pulmonary embolism is similar to that 
encountered in chronic PAH patients with acute 
RV failure. The jugular venous pulse is often 
elevated with a prominent v wave. A parasternal 
RV heave may be palpable. On auscultation, a tri-
cuspid murmur, increased S2, and in ~25% of 
patients, a right-sided S4 may be present [13]. 
Patients with massive pulmonary embolism are 
in shock. They have systemic hypotension, poor 
perfusion of the extremities, tachycardia, and 
tachypnea. In addition, patients appear weak, 
pale, sweaty, and oliguric and develop impaired 
mentation.

In right ventricular myocardial infarction, 
there is a classic clinical triad which includes 
distended neck veins, clear lung fields, and 
hypotension [26]. Much less frequently, clinical 
manifestations include right ventricular S3 and/
or S4 heart sounds. A tricuspid regurgitation 
murmur, Kussmaul’s sign and pulsus paradoxus 
are signs of significant hemodynamic effects 
due to RV ischemia. A disproportionate eleva-
tion of right-sided filling pressures compared 
with left-sided hemodynamics represents the 
hallmark of right ventricular infarction. Other 
presentations include high-grade atrioventricu-
lar block, tricuspid regurgitation, cardiogenic 
shock, right ventricular free wall rupture, and 
cardiac tamponade [27].

30.3.3	 �General Signs

Jaundice may be evident in patients with severe 
heart failure. The most common mechanism is 
passive hepatic venous congestion due to 
increased central venous pressure which may 

cause elevations of liver enzymes and both direct 
and indirect serum bilirubin. Jaundice due to 
heart failure tends to be mild, and a key feature is 
the association with dyspnea [28].

Central cyanosis is present with significant 
right-to-left shunting at the level of the heart or 
lungs, which allows deoxygenated blood to 
reach the systemic circulation. Peripheral or 
acrocyanosis of the fingers, toes, nose, and ears 
reflects reduced blood flow because of small 
vessel constriction seen in severe heart failure or 
shock [11].

Rales on lung examination indicate often 
biventricular congestive HF.  In patients with 
COPD one may find hyper-resonance of the lungs 
on percussion, wheezes and crackles on 
auscultation.

Oliguria may be present when there is a 
decrease in glomerular filtration rate (GFR). 
Nocturia may occur because recumbency reduces 
the deficit in cardiac output in relation to oxygen 
demand, renal vasoconstriction diminishes, and 
urine formation increases.

Protein losing enteropathy may rarely 
occur, as a consequence of an impaired intesti-
nal absorption of fat. Protein-losing enteropa-
thy is seen occasionally after the Fontan 
procedure, in constrictive pericarditis, in 
severe tricuspid regurgitation, and in RV fail-
ure [2]. Its origin is multifactorial and cannot 
be explained simply by elevated right atrial 
pressure alone. This complex condition may 
lead to profound hypoproteinemia, malnutri-
tion, and immunological deficiencies [29]. 
Protein-losing enteropathy with subsequent 
reduction of plasma oncotic pressure may also 
exacerbate ascites.

Cardiac cachexia is found in long-standing 
right ventricular failure, because of anorexia 
from hepatic and intestinal congestion. Other 
possible causes are increased total metabolism 
secondary to augmentation of myocardial oxygen 
consumption, excessive work of breathing, and 
elevated levels of circulating tumor necrosis fac-
tor (TNF) [11].

Some patients may also have the signs and 
symptoms of the underlying cause of PH (i.e. 
connective tissue disease).
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30.4	 �Stages of RV Failure

The development of RV failure may be described 
in terms of progressive stages as it has been in the 
case of left heart failure. RV failure may progress 
from stage A to stage D (Fig. 30.3).

Stage A is described in a patient at risk for RV 
failure, but without structural heart disease or 
symptoms of HF.

Stage B refers to RV dysfunction or structural 
heart disease in the absence of symptoms of HF.

In stage C the patient has symptomatic RV 
failure with prior or current symptoms of HF.

Stage D corresponds to refractory RV failure 
requiring specialized interventions [2].

It is important to note the potential of recovery 
of the failed RV (i.e. after lung transplantation in 
patients with PAH).

30.5	 �Electrocardiography in Right 
Heart Pathology

The electrocardiogram (ECG) is a standard part 
of the initial assessment of every patient with sus-
pected right heart failure, and also in previously 
diagnosed patients presented for a routine exami-
nation or for a new decompensation. Most ECG 
signs are specific but not sensitive for the detec-
tion of right ventricular disease. ECG changes do 

not correlate with disease severity or prognosis 
[30, 31].

In patients with right heart pathology, the ECG 
may reveals sinus tachycardia due to sympathetic 
nervous system activation in advanced stage of 
heart failure or during episodes of decompensa-
tion. Evidence of atrial enlargement, ventricular 
hypertrophy, or prior myocardial infarction is 
common in chronic disease. The presence of left 
ventricular hypertrophy can provide clues about 
the cause (e.g., arterial hypertension or valvular 
disease). Increased P wave amplitude in lead II 
suggests right atrial abnormality. Right ventricu-
lar hypertrophy, right axis deviation, and right 
bundle-branch block may suggest chronic right 
ventricular pressure overload. The sensitivity of 
ECG for the diagnosis of pulmonary hypertension 
is poor (20–40%), whereas the specificity of signs 
of right ventricular hypertrophy is high [32].

As with any ECG interpretations, the sequence 
of ECG assessment in RV pathology should start 
from heart rate, rhythm, P-QRS-ST-T morphology, 
amplitude, duration and axis. It is important to 
observe ECG patterns in all 12 leads. Patient’s age, 
gender, medication and/or device therapy should be 
taken into consideration during ECG assessment.

Below is the summary of the main criteria of 
electrocardiographic diagnosis that one may find 
as a consequence of changes induced by right 
heart disease.

At Risk for Chronic Right Ventricular Failure

STAGE A

At risk for RVF but
without structural
heart disease or
symptoms of HF

e.g.Patients with:

- Pulmonary Hypertension
  (early stages)

- Pulmonary Hypertension
- Congenital Heart Disease
  (selected forms)

Structural heart disease
or RV dysfunction

and

- Left HF or valvular disease

- Asymptomatic valvular
 disease (tricuspid and
 pulmonary)

- Previous RVMI

- fluid retention
- fatigue
- reduced exercise
  tolerance

- palpitations

- Marked symptoms at rest
  Despite maximal medical,
  interventional or surgical
  therapy

- refractory life threatening
  arrhythmias

or- CM or ARVD
- Family history of CM
  or ARVD
- Using Cardiotoxins or
  stimulants

- Atherosclerotic disease

Structural
Heart Disease
or dysfunction

Development
of symptoms
of RHF

Refractory
symptoms of
RHF at rest

- LV or valvular heart disease

e.g.Patients with: e.g.Patients with: e.g.Patients with:

RV dysfunction or
structural heart
disease but without
symptoms of HF

RVF with prior or
current symptoms
of HF

Refractory RVF
requiring specialized
interventions.

STAGE B STAGE C STAGE D

Chronic Right Ventricular Failure

Fig. 30.3  Stages of chronic RV failure. RVF right ven-
tricular failure, HF heart failure, LV left ventricle, CM 
cardiomyopathy, ARVD arrhythmogenic RV dysplasia, 

RVMI right ventricle myocardial infarction. Reprint with 
permission from Haddad et al. [2]
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30.5.1	 �Right Atrial Abnormalities

With severe pulmonary hypertension, two ECG 
patterns are characteristic of right atrial abnor-
malities: right atrial hypertrophy and P pulmo-
nale. The term right atrial abnormality is preferred 
now over other terms, such as right atrial enlarge-
ment or hypertrophy, which suggest a particular 
underlying pathophysiology [11].

The underlying mechanism is that greater 
right atrial mass generates greater electrical force 
early during atrial activation. Because right atrial 
forces are responsible for only the early part of 
the P wave, any increase in the duration of right 
atrial activation usually does not prolong the total 
duration of the P wave.

The electrocardiographic features of right 
atrial abnormality are [11, 12] (Figs.  30.4 and 
30.5):

P wave tall in amplitude, narrow in duration, 
especially prominent in II, III, aVF and right pre-
cordial leads (V1, V2);

–– peaked P waves with amplitudes in lead 
II > 2.5 mm (0.25 mV) (P pulmonale);

–– prominent initial positivity in lead V1 or 
V2 > 1.5 mm (0.15 mV);

–– rightward shift of mean P wave axis in frontal 
plane to more than +75°;

–– increased area under initial positive portion of 
the P wave in lead V1 to >0.06 mm/s;

–– the terminal negative component of the P 
wave is absent in lead V1.

An abnormally tall P wave in the right precor-
dial leads is a more specific finding for right 
atrial abnormality than the diagnostic criteria 
based on the limbs leads (Fig.  30.5). The P 

Fig. 30.4  ECG of a 
57-year-old man with 
acute exacerbation of 
COPD. There are P 
waves in leads II, III, 
aVF tall in amplitude 
(3.5 mm), narrow in 
duration; the P wave 
axis is at +80°. We can 
also see the atrial 
repolarization (negative 
deflections in II, III, aVF 
leads as apparent 
depression of the ST 
segment). Image from 
personal collection
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pulmonale pattern is more frequently seen in 
patients with pressure overload from congenital 
heart disease, such as pulmonic stenosis, tetral-
ogy of Fallot, Eisenmenger syndrome, and in 
patients with pulmonary hypertension not caused 
by COPD. A rightward shift of the P wave more 
than +90° is uncommon; it is associated espe-
cially with COPD. In patients with severe lung 
disease caused by interstitial pulmonary fibrosis, 
the P waves are usually normal, suggesting that 
the axis shift is due to the hyperinflation of the 
lungs [33].

The atrial repolarization is represented by the 
Ta wave. The Ta is usually directed opposite to 
the main P wave axis. The atrial gradient (area 
under P + Ta) is normally close to zero. In patients 
with right ventricular pathology, a prominent 
atrial T wave (Ta) often accompanies a tall P 
wave. The amplitude of the negative deflection in 
the inferior leads may exceed 0.1 mV. Because 
the atrial T wave may last as long as 0.45 s, the 
negative deflection in these leads may cause 

apparent depression of the ST segment [33] 
(Fig. 30.4).

The electrocardiographic findings of right 
atrial abnormality have limited sensitivity, but 
high specificity for detecting right atrial 
enlargement [34]. The P wave pattern does not 
correlate with right atrial pressure, but patients 
with COPD and P pulmonale have more severe 
pulmonary dysfunction and significantly reduced 
survival than others [11].

The P pulmonale pattern has been described 
also in patients with coronary artery disease. 
Ischemia of the left atrium was considered to be 
the cause of the increased voltage of the P wave 
and the rightward shift of the P wave axis [35].

On the other hand, P pulmonale may be pres-
ent in healthy individuals with asthenic body 
built and is probably related to the vertical posi-
tion of the heart [33].

If atrial fibrillation is present, the fibrillatory 
waves may be coarse and of increased amplitude, 
reflecting right atrial hypertrophy.

Fig. 30.5  ECG of a 
30-year-old woman with 
severe pulmonary 
arterial hypertension. 
There are tall and 
narrow P waves in leads 
II, III, aVF (4 mm 
amplitude in lead II) and 
in the right precordial 
leads (prominent initial 
positivity 2.5 mm in V1 
lead); the QRS axis is at 
+90°; the ST segment is 
slightly elevated with 
negative T waves in 
V1–V3 (like in acute ST 
elevation myocardial 
infarction) suggesting 
RV pressure overload. 
Image from personal 
collection
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Obviously that in RV failure secondary to an 
associated left-sided heart failure, left atrial 
abnormalities are often present: prolonged P 
wave duration >120  ms in lead II; prominent 
notching of P wave, usually most obvious in lead 
II, with interval between notches of 0.40 ms (P 
mitrale); increased duration and depth of 
terminal-negative portion of P wave in lead V1 (P 
terminal force) so that area subtended by it 
>0.04 mm/s; leftward shift of mean P wave axis 
to between −30° and −45° [11].

Patients with abnormalities in both atria—
biatrial abnormality—can have electrocardio-
graphic patterns reflecting each defect. 

30.5.2	 �Right Ventricular Hypertrophy

Increasing dominance of the right ventricle 
changes the ECG in fundamental ways. Generally, 
RV produces electrical forces much lower than 
left ventricle; these are normally directed anteri-
orly and rightward. For right ventricular hyper-
trophy (RVH) to become manifested on ECG, it 
must be severe enough to overcome the masking 
effects of the larger left ventricular forces. In 
mild cases, no apparent change may be detected 
on the ECG.

Because the right ventricle is located anteri-
orly as well as to the right of the left ventricle, the 
effects produce increased potentials in leads 
directed in these directions. Thus, on the ECG 
one may find tall R waves in anteriorly and 
rightward-directed leads (leads aVR, V1, and V2), 
and deep S waves and abnormally small r waves 
in leftward-directed leads (I, aVL, and lateral 
precordial leads V5–V6). There will be a reversal 
of normal R wave progression in the precordial 
leads, a shift in the frontal plane QRS axis to the 
right, and the presence of S waves in leads I, II, 
and III (S1S2S3 pattern) [11]. The QRS duration 
may be slightly increased.

In some cases, the increased rightward forces 
are directed posteriorly instead of anteriorly; 
consequently, no apparent abnormality is seen in 
V1 lead, but the left precordial leads may reveal 
deep S waves and the limb leads show right axis 
deviation [33].

The QRS changes are accompanied by the 
secondary T wave changes and the deviations of 
the ST segment. The T waves are directed oppo-
site to the main QRS vector (i.e., inverted in the 
right precordial leads). Sometimes, the ST and T 
changes may be seen without apparent QRS 
abnormalities and are attributed to myocardial 
ischemia of the right ventricle, or right ventricu-
lar strain [33].

The ECG abnormalities of RVH can be 
divided in three types: (1) typical RVH pattern 
with anterior and rightward displacement of the 
main QRS vector; (2) incomplete right bundle 
branch block (RBBB); and (3) posterior and 
rightward displacement of the main QRS axis, 
predominantly in patients with chronic lung 
disease.

In the diagnostic of right ventricular hypertro-
phy (RVH) , the ECG may provide the following 
key findings [11, 12, 33, 36]:

–– R wave amplitudes in V1 ≥  7 mm (0.7 mV) 
(Fig. 30.6);

–– presence of a tall R wave in V1 to V2 with 
R > S or R/S > 1 and R ≥ 5 mm;

–– dominant S wave in V5 or V6 > 7 mm (0.7 mV) 
(or R/S ratio < 1);

–– the sum of R in V1 and S in V5 or V6 > 10.5 mm 
(1.05 mV);

–– S wave in V1 < 2 mm (0.2 mV);
–– R wave in V5 or V6 < 5 mm (0.5 mV);
–– R in aVR > 5 mm (0.5 mV);
–– presence of qR or QR complex in V1 (or in 

V3R);
–– presence of a rSR′ pattern in V1 with 

R′ > 10 mm;
–– incomplete (or rarely complete) right bundle 

branch block (Fig. 30.7);
–– right QRS axis deviation greater than 

+90–100°;
–– S1Q3 sau S1Q3T3 pattern;
–– S1S2S3 pattern;
–– ST-T wave abnormalities secondary to 

hypertrophy.

These criteria have high specificity but low 
sensitivity [33]. The changes commonly occur in 
advanced RV diseases such as severe pulmonary 
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Fig. 30.6  The ECG of a woman, 27 year-old, with pri-
mary pulmonary hypertension, which reveals normal 
sinus rhythm, right atrial abnormality; R wave amplitudes 
in V1 8 mm, presence of a tall R wave in V1 and V2 with 

R/S > 1; dominant S wave in V5 and V6; right QRS axis 
deviation +120°; negative T waves in V1–V3 suggesting 
RV pressure overload. Image from personal collection

Fig. 30.7  Incomplete right bundle branch block with 
increased R wave amplitude in right precordial leads in a 
16 year-old boy who had undergone surgical correction of 

tetralogy of Fallot during childhood, with pulmonary 
regurgitation in present. Courtesy of Ana Maria Balahura, 
MD
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hypertension and pulmonary stenosis. The 
greater the number of features, the higher the 
sensitivity for RVH.  The typical RVH pattern 
with tall R waves in the right ventricular leads 
and right axis deviation in the frontal plane is 
characteristic for patients with congenital disease 
or with primary pulmonary hypertension, condi-
tions in which the right ventricular mass tends to 
approach or even exceed the left ventricular 
mass. The qR pattern in V1 lead is one of the most 
specific signs of severe RVH (Fig. 30.8).

In patients with COPD, the axis can be shifted 
to +90° in the absence of pulmonary hyperten-
sion. In this case, the diagnosis of RVH is diffi-
cult, but in patients without hypertrophy, the 
amplitude of the entire QRS complex in V1 lead 
tends to be small. Pathognomonic of emphysema 
in the absence of myocardial infarction is low 
voltage with a posteriorly and superiorly oriented 
QRS vector and an axis of the P waves >60° in 
the limb leads. Patients with cor pulmonale sec-
ondary to chronic pulmonary thromboembolism, 
idiopathic pulmonary hypertension, or obesity 
hypoventilation syndrome are more likely to have 
a tall R wave in V1 than are those with pulmo-
nary emphysema [33].

In right ventricular volume overload (e.g., 
atrial septal defect), ECG abnormalities may be 
limited to an rSr′ pattern in V1 and persistence of 
S waves in the left precordial leads [11].

An ECG with a tall R wave, a small S and an 
increased R/S ratio in V1 lead may be also seen in 
normal young adults or in patients with true pos-
terior infarction, left septal fascicular block, dis-
placement of the heart due to pulmonary disease 
(massive pulmonary effusion or pneumothorax), 
and Wolff-Parkinson-White pattern (in posterior 
and leftward insertion of the atrioventricular 
bypass tract) [33].

In the case of a S1S2S3 pattern, the S wave 
amplitude is greater in lead II than in lead III, 
with the QRS axis in the frontal plane directed 
rightward and superiorly. Incomplete RBBB can 
signify hypertrophy, dilation, or overload of the 
right ventricle (Fig. 30.9). This pattern may also 
be seen in normal individuals, in acute right ven-
tricular dilatation, in true posterior myocardial 
infarction, and in extracardiac abnormalities as 
pectus excavatum [33].

The ST-T abnormalities are seen most com-
monly in the right precordial leads. In other 
cases, one can see peaked T waves in inferior 
leads (II, III, aVF leads) and ST depression and 
T wave inversion in leads V2 through V6 [12]. If 
the T waves are biphasic in the right precordial 
leads, it is useful to observe the following con-
figuration: an abnormal negative-positive 
biphasic T wave (often seen in patients with 
RVH); a possibly normal positive-negative T 
wave.

Fig. 30.8  ECG of a 62 year-old man, obese, with severe 
COPD and chronic respiratory failure, showing sinus 
rhythm, right QRS axis deviation, qR pattern in V1 (as 

specific sign of RVH), and S waves in the left precordial 
leads. We also note right and  left atrial abnormali-
ties. Image from personal collection
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30.5.3	 �Right Ventricular Strain

RV strain consists in a repolarization abnormality 
due to right ventricular hypertrophy or dilatation, 
leading to an ECG pattern similar with that from 
Fig. 30.10. The ECG features are ST depression 
and T wave inversion in the right precordial leads 
(V1–V3, often extending to V4) and in the inferior 
leads (II, III, aVF) often most pronounced in lead 
III (the most rightward-facing lead).

30.5.4	 �Biventricular Hypertrophy

The results of biventricular hypertrophy is more 
complex than in the case of biatrial enlargement, 
and is not the sum of the two categories of abnor-
malities. The anterior forces generated by right 
ventricular hypertrophy (RVH) may be canceled 
by the posterior forces generated by left 

ventricular hypertrophy (LVH). Therefore, the 
specific ECG pattern for RVH or LVH is modi-
fied, to the following [11]:

–– tall R waves in the right and left precordial leads;
–– vertical heart position or right axis deviation 

in the presence of criteria for LVH;
–– deep S waves in the left precordial leads in the 

presence of electrocardiographic criteria for LVH;
–– a shift in the precordial transition zone to the 

left in the presence of LVH.
–– The specificity of the ECG diagnosis of com-

bined ventricular hypertrophy is limited.

30.5.5	 �ECG Abnormalities 
in Pulmonary Embolism

There are several EKG abnormalities associated 
with pulmonary embolism (PE), but none of them 

Fig. 30.9  ECG of a 
78 year-old man, with 
chronic post-embolic 
pulmonary hypertension, 
showing atrial 
fibrillation, right QRS 
axis deviation (+135°), 
RBBB (with tall R 
waves in V1) with 
secondary ST-T 
abnormalities, S waves 
in the left precordial 
leads. Image from 
personal collection
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is highly specific or sensitive. In patients with 
acute RV failure by pressure overloading, the 
ECG may show [3, 11, 33]:

–– sinus tachycardia;
–– S1Q3T3 pattern with a S wave in lead I and new 

or increased Q waves in lead III and with T 
wave inversion in this lead (Fig. 30.11);

–– a qR or QR pattern in lead V1;
–– ST-segment elevation in V1 (Fig. 30.11);
–– T wave inversions in leads V1–V3 (Fig. 30.11);
–– signs of RV strain;
–– a complete or incomplete right bundle branch 

block (RBBB);
–– poor R wave progression in the right precor-

dial leads (clockwise rotation);
–– a right axis deviation >+90°;
–– atrial arrhythmias.

The transient appearance of the P pulmonale 
has also been observed in patients with acute pul-
monary embolism. Acute cor pulmonale secondary 
to pulmonary embolism sometimes simulates an 
inferior and anterior infarction (Fig.  30.12). The 
S1Q3 pattern is usually associated with a QR or QS 
complex, but not an rS in aVR. Furthermore, acute 

cor pulmonale per se does not cause prominent Q 
waves in II (only in III and aVF) [37] and the ST 
segment may be slightly elevated in these leads; 
the degree of elevation is usually less than in the 
presence of an acute inferior myocardial infarc-
tion. Sometimes, ST segment may be also elevated 
in leads V4R–V6R [38].

Approximately two-thirds of patients with 
massive or sub-massive PE exhibit no such 
changes on EKG [13]. The ECG may show little 
more than minor or nonspecific waveform 
changes, or it may be normal even with major 
pulmonary artery obstruction [11].

The T wave inversion in the anterior precor-
dial leads is correlated with the severity of PE 
and the presence of RV dysfunction; normaliza-
tion of these abnormalities implies a favorable 
outcome [39].

30.5.6	 �ECG Abnormalities in Right 
Ventricular Infarction

Right ventricular myocardial infarction (RV MI) 
often accompanies an inferior or infero-posterior 
infarction (MI). Thus, the ECG will most 

Fig. 30.10  Typical right ventricular strain pattern with 
ST depression and T-wave inversion in V1–4, plus lead 
III.  We also note right atrial abnormality. In this case, 

abnormalities are due to right ventricular hypertrophy in a 
39 year-old male with diagnosis of Langerhans cell histio-
cytosis. Courtesy of Claudia Toma, MD
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commonly show these signs, with >1  mm ST 
elevation in leads II, III, and aVF, with or without 
concomitant ST changes in lead V1, V2 
(Fig. 30.13).

For the diagnosis of RV myocardial infarction, 
it is mandatory to perform a right-sided ECG 
with V4R precordial lead (Fig. 30.14). An ST ele-
vation in this lead (V4R) has a sensitivity of 88% 
and specificity of 78% for diagnosing RV 

infarction [40]. The right-sided precordial leads 
may also demonstrate Q waves, particularly in 
V3R to V5R leads [37].

RV infarction occurs in most cases secondary 
to coronary stenosis, typically with a proximal 
occlusion of the right coronary artery; it can 
also be seen with left anterior descending (mod-
erator branch artery) and circumflex artery 
occlusions [3].

Fig. 30.11  Pulmonary embolism that mimics myocar-
dial infarction. Note the presence of sinus tachycardia, 
S1Q3T3 pattern, slight ST elevation in III, V1, V2 leads, qr 

in aVR, T wave inversions in leads V1–V3. Image from 
personal collection
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Fig. 30.12  ECG of a 
23 year-old man with 
acute cor pulmonale 
secondary to life-
threatening massive 
pulmonary embolism 
showing sinus 
tachycardia, S1Q3 
pattern, ST elevation in 
III, aVF, V1–V3 leads 
and T wave inversions in 
these leads. Image from 
personal collection

Fig. 30.13  Acute 
infero-posterior 
myocardial infarction 
(ST elevation in II, III, 
aVF, V5, V6 leads and 
ST depression in V1, V2 
leads). Image from 
personal collection
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30.5.7	 �ECG Abnormalities 
in Arrhythmogenic Right 
Ventricular Dysplasia

The ECG is abnormal in most patients with 
arrhythmogenic right ventricular dysplasia 
(ARVD). There are several ECG features in the 
criteria diagnosis of ARVD: T wave inversion in 
V1 trough V3 (minor diagnostic criterion, but one 
of most common ECG abnormality present in 
85% of patients); QRS duration 110  ms in V1 
through V3; epsilon wave (electric potentials 
after the end of the QRS complex; it is a major 
diagnostic criterion found in up to 30% of cases 
of ARVD) [41, 42]. Other ECG markers of 
ARVD have been reported: QRS and QT disper-
sion; right ventricular parietal block (defined as a 
QRS duration in leads V1–V3 that exceeds the 
QRS duration in lead V6 by >25 ms); a prolonged 
S-wave upstroke in V1–V3 = 55 ms (it was seen as 
the most prevalent ECG feature in 95% of 
ARVD); ventricular tachycardia in the morphol-
ogy of left bundle branch block [41, 43].

Atrial premature contractions, flutter and 
atrial fibrillation are not uncommon in ARVD 
especially in those with moderate/severe tricus-
pid regurgitation and markedly enlarged right 

ventricles; they can occur prior to or during man-
ifest ventricular arrhythmia [44].

The increased susceptibility to ventricular 
tachyarrhythmia and sudden cardiac death is a 
main feature of ARVD. More details are offered 
in a specific chapter dedicated to ARVD.

30.5.8	 �ECG Abnormalities in Chronic 
Obstructive Pulmonary Disease

In chronic obstructive pulmonary disease 
(COPD), the heart changes its position within the 
chest, the lungs are hyperinflated and the dia-
phragm are flattened. Typical ECG changes 
include [11, 33]:

–– peaked P waves >0.25  mV in leads II, III, 
aVF;

–– P wave axis to the right of 80° in the frontal 
plane;

–– reduced QRS amplitude in all limb leads 
<0.5 mV;

–– QRS axis deviated to the right more than 90° 
in the frontal plane;

–– delayed transition in the frontal plane (clock-
wise rotation);

Fig. 30.14  ECG in a patient with acute inferior myocar-
dial infarction (ST elevation in II, III, aVF); the V4R pre-
cordial lead also shows us ST elevation suggesting right 

ventricular myocardial infarction. The correct precordial 
V1–V6 leads are not displayed on the ECG. Image from 
personal collection
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–– QRS amplitude <0.5 mV in lead V5 or V6 or R 
wave <0.7 mV in lead V5 or R wave <0.5 mV 
in lead V6;

–– R/S ratio < 1 in lead V5 or V6;
–– S1S2S3 pattern with R/S ratio < 1 in leads I, II, 

and III

Chou suggests that COPD is likely to be pres-
ent if one or more of these P wave changes and 
one or more of these QRS changes are identified 
[33].

Deep S waves in the lateral precordial leads, 
an S1Q3T3 pattern, a QR pattern in lead V1, are 
suggestive for RV hypertrophy. The electrocar-
diographic presence of RVH signs is not equiva-
lent to severe lung disease or severe pulmonary 
hypertension. QRS changes do not generally 
appear until ventilatory function is significantly 
depressed, with the earliest change commonly 
being a rightward shift in the mean QRS axis, and 
the correlation with ventilatory function or hemo-
dynamics is poor. The presence of right atrial 
abnormality, an S1S2S3 pattern, or both is associ-
ated with reduced survival [11].

Sometimes, in patients with cor pulmonale, 
one can find transient changes during exacerba-
tions of pulmonary insufficiency: T waves inver-
sions in right precordial leads; ST segment 
depressions in leads II, III, and aVF; transient 
RBBB [45]. The arrhythmias in COPD are 
mostly supraventricular in origin and they tend to 
be transient. Multiform atrial tachycardia is 
almost pathognomonic for the presence of pul-
monary insufficiency [38].

Taking into account all these electrocardio-
graphic aspects, one can state that this part of 
examination is mandatory in every patient with 
confirmed or suspected right ventricular heart 
disease. More details about specific ECG aspects 
are offer in the dedicated chapters.
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Zhonghua Sun, Dongting Liu, and Zhanming Fan

Abstract

Right heart pathology receives less attention 
from clinicians than left-sided heart disease, 
and knowledge of the importance of right 
heart, in particular right ventricle in disease 
development lags behind that of the left ven-
tricle. In recent years, increasing evidence 
shows that right heart disease has significant 
impact on morbidity and mortality, thus 
highlighting the importance of recognizing 
right heart disease in clinical practice. 
Although ultrasound and computed tomogra-
phy are the most commonly used diagnostic 
image techniques in the diagnosis of right 
heart disease, chest radiography still remains 
the first line technique in many applications. 
Despite non-specific findings in most of the 
situations, chest X-ray provides useful infor-
mation for further diagnostic imaging tests of 
assessing right heart disease. This chapter 
provides an overview of applications of chest 
X-ray in the diagnosis of various right heart 
diseases.

Keywords

Chest radiography · Diagnosis · Imaging tech-
niques · Right heart disease

31.1	 �Introduction

Little attention has been paid to the investigation 
of right heart disease, mainly because of less 
muscular role to pumping blood through the 
right ventricle when compared to the left side. 
This is mainly due to the fact that the left ven-
tricle is more frequently involved in diseases of 
epidemic proportions such as myocardial isch-
emia or infarction, cardiomyopathy, or valvular 
disease [1, 2]. Although limited information is 
associated with right heart function, the impact 
of right heart pathology on patient’s outcome 
should draw clinicians’ attention about under-
standing of pathophysiology of right heart dis-
ease, choosing appropriate diagnostic imaging 
tests and referring patients for timely interven-
tion and treatment to prevent adverse 
complications.

Chest X-ray (CXR) is a useful imaging 
technique in diagnosing cardiac disease 
although its role has been ignored to a greater 
extent because of increasing use of echocar-
diography, computed tomography (CT) and 
magnetic resonance imaging (MRI) imaging 
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modalities for more accurate assessment of 
cardiac anatomy and physiology. As a simple, 
quick and cheap test, the CXR offers diagnos-
tic information about heart size and lung 
pathology (Fig.  31.1). Further, the CXR pro-
vides useful information for serial comparison 
of the pathology with low radiation dose [3, 4]. 
This chapter provides an overview of the diag-
nostic applications of CXR in various right 
heart diseases.

31.2	 �Normal Right Heart

The right ventricle has complex geometry which 
makes it different from the left ventricle in sev-
eral areas: the tricuspid valve configuration of 
having trileaflet, presence of coarse trabecula-
tion, presence of three or more papillary muscles, 
and only one-fifth mass of that of the left ventri-
cle [5]. Thus, the right ventricular wall is much 
thinner than that of the left ventricle as shown in 
Fig. 31.2. The right ventricle is connected to the 
left side through the following structures: by an 
interventricular septum (a shared wall), by shar-
ing the pericardial space and epicardial fibers.

The unique morphological features of right 
ventricle allow it to serve as a volume-loaded 
pump with stroke volume identical to that of the 
left ventricle. However, due to a much smaller 
mass, the right ventricle is more sensitive to 
pressure-loaded situations, thus is at risk for 
developing acute and chronic right heart failure 
[6]. The blood supply to the right ventricle is 
mainly provided by the right coronary artery, 
while anterior two-thirds and inferoposterior one 
third of the ventricular septum are provided by 
the left anterior descending coronary artery and 
the posterior descending artery, respectively. 
Figure 31.3 shows normal right and left coronary 
arteries by coronary CT angiographic images.

Fig. 31.1  Normal chest radiograph. Bony thorax is sym-
metrical, with lung field clear. Bilateral hilar appearances 
are normal, and mediastinum is not widened. The heart 
shape is normal and its size is within normal limit. 
Costophrenic angles are sharp

RV RVLV LV

Normal IPAH

a b

Fig. 31.2  Normal and 
enlarged right ventricle. 
(a) Diagram shows 
thinned-wall right 
ventricle (RV) when 
compared to the left 
ventricle (LV). (b) In 
idiopathic pulmonary 
arterial hypertension 
(IPAH), the RV is 
characterized by 
increased end-diastolic 
volume, leading to 
varying degrees of right 
ventricular hypertrophy. 
Modified from Voelkel 
et al. [2]
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31.3	 �Right Heart Failure

The right ventricle plays an important role in the 
management and prognosis of many cardiovas-
cular diseases. The underlying mechanisms of 
causing right heart dysfunction or failure are not 
fully understood as opposed to the left ventricu-
lar failure. Although multiple factors affect right 
heart failure due to its association with the left 
heart failure, and variations exist in the method-
ologies of assessment of right ventricular func-
tion, it is generally agreed that the right ventricular 
dysfunction or failure predicts an inferior out-
come [2]. Studies showed that patients with 
impaired left ventricular function developed 
worse right ventricular function [7], or presence 
of both right and left ventricular dysfunction 
resulted in higher mortality when compared to 
the left ventricular failure alone [8]. This high-
lights the predictive role of a negative outcome 
by right ventricular dysfunction or failure [9]. 
Decreased right ventricular function has been 
reported as a critical prognostic factor [10, 11].

The role of CXR for diagnostic assessment 
of right heart failure is limited as it is predominantly 
assessed by echocardiography. Assessment of  
right ventricular morphology and function can be 
adequately achieved by transthoracic echocardiog-

raphy in most patients, with additional imaging 
modalities (such as cardiac magnetic resonance 
imaging or cardiac computed tomography) required 
in the presence of poor quality or for further func-
tional assessment [12–15]. Figure 31.4 is an exam-
ple of CXR showing the right heart failure.

a b

Fig. 31.3  Normal coronary arteries on coronary CT angiography. 3D volume rendering CT angiographic images dem-
onstrate the normal right coronary artery (a) and left coronary artery (b)

Fig. 31.4  Right heart failure in a 34-year male with chest 
discomfort after exercise. The patient presented with 
symptoms of edema at the upper and lower extremities. 
Chest radiograph shows that lung markings increased, 
especially apparent on the right side, with patchy shadows 
on the right lung. The heart size is enlarged

31  Chest X-ray in Right Heart Disease
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31.4	 �Pulmonary Hypertension

Pulmonary hypertension is a life-threatening 
condition with progressive pulmonary vascular 
abnormalities. It occurs when resting mean pul-
monary arterial pressure is increased to more 
than 25 mmHg measured by right heart catheter-
ization [16, 17]. Although the exact etiology of 
pulmonary hypertension is unclear, patients with 
pulmonary hypertension are associated with high 
mortality in spite of therapy [18].

CXR is usually performed as the baseline 
imaging technique in patients with suspected pul-
monary hypertension. Although a normal CXR 
does not exclude pulmonary hypertension, an 
abnormal CXR is commonly seen in confirmed 
diseases [19]. CXR findings include cardiomeg-
aly due to enlarged right atrium and right ventri-
cle; reduced or loss of peripheral pulmonary 
vessels (Fig. 31.5), and dilation of main pulmo-
nary arteries [20].

The characteristic feature of pulmonary 
hypertension is manifested as the increased 
diameter of central pulmonary arteries, with 
diminished peripheral pulmonary vessels fre-
quently observed in patients with pulmonary 
hypertension [21, 22] (Fig.  31.6). CXR also 
plays a role in the differential diagnosis by 
diagnosing left-sided heart disease and provid-
ing information about lung parenchymal 
abnormalities such as interstitial lung disease 
and pulmonary embolism [20]. Despite its 
widespread use in clinical practice, CXR is 
limited by its nonspecific findings and low 
diagnostic value to assess disease extent. CT 
has become the preferred imaging modality for 
the diagnostic evaluation of pulmonary hyper-
tension because of the superior spatial and 
temporal resolution, with capability of provid-
ing comprehensive assessment of the cardio-
pulmonary structures and lung parenchyma 
[20, 23–25].

31.5	 �Right Ventricular 
Hypertrophy

Assessment of right ventricular size and func-
tion comprises an essential part of routine echo-
cardiographic examination in patients with 
chronic conditions, such as pulmonary hyper-
tension and cardiomyopathy. While two-dimen-
sional (2D) measurements of right ventricular 
wall thickness are commonly performed, three-
dimensional (3D) echocardiography is increas-
ingly used for assessment of right ventricular 
volumes because it has been found to be reli-
able and accurate in different diseases such as 
pulmonary hypertension and congenital heart 

Fig. 31.5  Pulmonary hypertension in a 64-year-old 
woman with history of chest discomfort after exertion for 
4 years, and hypertension for 5 years. Chest radiograph 
shows prominent dilated pulmonary arteries (stars) with 
rapid pruning of peripheral pulmonary vessels (arrows), 
and cardiomegaly

Fig. 31.6  Pulmonary hypertension in a 29-year-old 
woman with 27  weeks of pregnancy. Chest radiograph 
reveals dilated pulmonary arteries (stars), and right atrium 
and right ventricle enlargement
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disease [26–28]. Studies have reported good 
agreement between 3D echocardiography and 
cardiac magnetic resonance (CMR) imaging 
measurements of right ventricular volumes and 
functions [28–30]. Guidelines are available for 
echocardiographic assessment of the right ven-
tricle for the adult and pediatric patients  
[31, 32].

CXR is limited in the assessment of right ven-
tricular hypertrophy as it can only detect the car-
diac enlargement, while cardiac CT and CMR are 
more accurate in visualizing heart chamber 
changes (Fig. 31.7). CMR is still the gold stan-
dard for right ventricular assessment [13].

31.6	 �Right Pulmonary Embolism

Pulmonary embolism is one of the most com-
mon causes of cardiovascular death. Untreated 
pulmonary embolism is associated with an 
increase in morbidity and mortality [33]. CT 
pulmonary angiography (CTPA) is currently 
the method of choice for diagnosis of sus-
pected pulmonary embolism due to its high 
sensitivity and specificity that is available 
with modern CT scanners. The widespread 
availability and high diagnostic value have led 
to the increasing use of CTPA as a reliable 
diagnostic imaging modality to detect or 

a b

c

Fig. 31.7  Right ventricular hypertrophy in a 72-year-old 
male with cough and breathing difficulty after exertion for 
4  years, with chest discomfort worsening over the last 
2 days. (a) Chest radiograph demonstrates cardiomegaly, 

in particular, enlarged cardiac silhouette. Cardiac CT and 
cardiac magnetic resonance (b and c) show enlarged right 
atrium and right ventricle when compared to the left side
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exclude pulmonary embolism both in the 
emergency department and in-patient setting 
[34–39]. With improved spatial resolution, 
CTPA allows for detection of segmental and 
subsegmental pulmonary embolism with high 
accuracy as shown in Fig. 31.8. Although CT 
is considered a high radiation dose modality, 
recent studies have shown the feasibility of 
double low-dose CTPA protocol in the diagno-
sis of pulmonary embolism [40–44].

Despite its limited diagnostic value, CXR is 
commonly performed in patients with sus-
pected pulmonary embolism to rule out other 

pulmonary diseases such as acute or chronic 
airway disease because the co-existing cardio-
pulmonary disease contributes to indeterminate 
results for isotope lung scanning [45]. In addi-
tion, it has been reported that nearly 50% of 
patients with an abnormal CXR require further 
testing [46, 47] (Fig.  31.9). The sensitivity, 
specificity, positive predictive value and nega-
tive predictive value of CXR in the detection of 
pulmonary embolism are found to be 36%, 
92%, 38% and 76%, respectively, while the 
corresponding values for CTPA are more than 
90% [48].

Fig. 31.8  CT pulmonary angiography of pulmonary 
embolism in an 85-year-old man. 2D axial image show 
large filling defects in the left and right main pulmonary 

arteries consistent with pulmonary embolism. Right pleu-
ral effusion is also noticed
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31.7	 �Right Cardiac Tumours

Primary cardiac tumours are very rare with 
reported incidence of between 0.0017% and 
0.028% [49], while metastatic tumours are more 
common. Most of the primary cardiac tumours 
(up to 90%) are benign, whereas metastatic 
tumours are malignant [50, 51]. The benign 
tumours consist of fibromas, hemangiomas, 
lipomas, pericardial cysts and teratomas, while 
malignant tumours include various types of 
sarcomas such as fibrosarcoma, liposarcoma, 
myxosarcoma and leiomyosarcoma, etc.

Of various imaging modalities for assessment 
of cardiac tumours, 2D echocardiography is usu-
ally the first line test for examining patients pre-
senting with cardiac symptoms. Combining 
transthoracic echocardiography with transesoph-
ageal echocardiography together allows more 
accurate assessment of the tumour size, shape, 
morphology and hemodynamic changes [50, 52]. 
CXR may detect cardiomegaly caused by cardiac 
tumours, although its imaging appearances are 
non-specific. Cardiac CT and CMR are also use-
ful for diagnosis of cardiac tumours, including 
further characterization and differential diagno-
sis. Cardiac CT is able to help identification of fat 
with high specificity [53, 54].

Figure 31.10 is an example of cardiac tumour 
in the right atrium with fat attenuation on cardiac 
CT images, while Fig. 31.11 is another example 
of cardiac tumour in the right ventricle with fat 
attenuation.

31.8	 �Congenital Heart Disease

Congenital heart disease (CHD) is the most com-
mon congenital anomalies [55]. The prevalence of 
CHD is reported to be 9.1 per 1000 live births, but 
geographic variations are reported, with the highest 
prevalence at 9.3 per 1000 live births in Asia, and 
the lowest prevalence at 8.2 per 1000 live births in 
Europe [56–58]. The difference in these reported 
figures is mainly due to the discrepancies in disease 
definition and identification, use of advanced diag-
nostic modalities and other factors such as heredi-
tary and environmental factors [56, 58].

A number of imaging techniques are used in 
the diagnosis of CHD including chest radiogra-
phy, echocardiography, cardiac CT and CMR 
with each of them having advantages and 
limitations. Electrocardiogram and CXR serve as 
the preliminary diagnostic tools of CHD. 
Electrocardiogram can help detection of cardiac 
defects or rhythm abnormalities through 

a b

Fig. 31.9  Right pulmonary embolism in a 48-year-old 
woman with developing sudden cough and bloody spu-
tum. (a) Chest X-ray shows large, patchy high-density 
shadow in the right lung field. (b) Coronal CT reformation 

demonstrates low-density large filling defect (arrows) in 
the right pulmonary artery, with abruption of distal pul-
monary artery. Right lung consolidation is visualized
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recording the electrical activity, while CXR plays 
an important role in determining if the heart is 
enlarged or lungs are abnormal due to extra blood 
or fluid which could result in heart failure [59].

31.8.1	 �Atrial Septal Defect

CXR may demonstrate changes of cardiomegaly 
due to increased blood volume to the right atrium 
and right ventricle caused by atrial septal defect 
(ASD), as well as increased pulmonary markings 
and dilatation of the pulmonary artery and its 
branches [60]. However, in children with ASD, 

CXR was found to be limited value in the diagno-
sis of defect-specific lesions [61]. In adults with 
ASD, right ventricular hypertrophy can be visu-
alized on chest radiograph due to long-standing 
right ventricular volume overload. Figure 31.12 
shows a pediatric ASD with right atrium and 
right ventricle enlargement.

31.8.2	 �Ventricular Septal Defect

CXR provides diagnostic value in the detection of 
ventricular septal defect (VSD), depending on the 
disease extent. Small VSD is generally not associated 

a b

c

Fig. 31.10  Right atrial tumour in a 53-year-old woman 
with persistent fever for 3  months. Echocardiography 
shows a space-occupying lesion in the right atrium. (a) 
Chest radiograph shows right atrium enlargement. (b and 

c) Contrast-enhanced CT images show a low-attenuating 
mass (arrows) with no enhancement. The tumour is mea-
sured 5.2 × 3.9 cm in the right atrium with CT attenuation 
consistent with fat
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with abnormal X-ray findings, thus showing no rela-
tionship between use of X-ray and diagnostic accu-
racy [61]. For intermediate to large VSD, CXR is 
able to demonstrate radiographic changes by assist-
ing clinician’s diagnosis of VSD. Abnormal chest 
radiographic findings include cardiomegaly and 
increased pulmonary arterial markings. An indepen-
dent association was reported between use of CXR 
and higher level of suspicion for intermediate to large 
VSD, indicating the enhancing role of CXR for 

detection of VSD [61]. Figure 31.13 is an example of 
VSD in a pediatric patient with enlargement of both 
ventricles.

31.9	 �Tricuspid Valve Disease

Tricuspid valve is considered by most surgeons 
as a second-class structure or the “forgotten 
valve”, leading to the fact that tricuspid valve 

a b

c

d

Fig. 31.11  Right ventricular tumour in a 63-year-old 
female. (a and c) PA and lateral chest radiographs show 
that lung fields are clear with hilar normal. The cardiac 
silhouette is slightly enlarged. (c and d) Contrast-

enhanced CT images reveal a 2.9 × 3.0 cm low-attenuation 
tumour (arrows) in the right ventricle. The tumour is well 
defined showing no enhancement
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disease has been often neglected, receiving 
lesser importance than that of left-sided valvu-
lar heart disease [62, 63]. Recent advances in 
surgical and percutaneous transcatheter tech-
niques have improved understanding of the 
long-term consequences of tricuspid valve 
disease, in particular, the effective manage-
ment of severe tricuspid regurgitation 
[64–66].

Tricuspid value is more complex than left-
sided valves, thus, it is necessary to have a 
better understanding of its anatomy to assist dif-

ferentiating normal appearances from 
pathological changes [67, 68]. Figure  31.14 
shows normal tricuspid valve anatomy and adja-
cent structures. Echocardiography is the pre-
ferred diagnostic technique for determining the 
etiology and severity of tricuspid valve disease, 
in addition to its value for assessment of right 
ventricular size and function. Figure 31.15 is an 
example of multiple transthoracic windows 
from echocardiographic examination allowing 
for comprehensive assessment  of the tricuspid 
valve.

a b

c

Fig. 31.12  Atrial septal defect (ASD) in a 1-year-old girl 
with cardiac murmur for 1  month. Echocardiographic 
examination reveals ASD. (a and b) PA and lateral chest 
radiographs show increased lung markings, prominent 

pulmonary arteries, enlargement of right atrium and right 
ventricle. (c) Contrast-enhanced CT shows right atrium 
and right ventricle enlargement, with interatrial septum 
disrupted, with defect size measured 3.4 × 3.0 cm
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31.9.1	 �Tricuspid Stenosis

Tricuspid stenosis is a very rare and uncommon 
condition when compared to tricuspid regurgita-
tion. The development of tricuspid stenosis is 
mainly due to congenital defects, rheumatic heart 
disease, and right atrial tumours [62]. Of these 
causes, rheumatic heart disease accounts for 
nearly 90% of cases. Further, rheumatic tricuspid 
stenosis often coexists with mitral valve disease 
and tricuspid regurgitation. While echocardiog-
raphy is commonly used for diagnostic assess-
ment of tricuspid stenosis including calculation 
of tricuspid gradient by Doppler echocardiogra-

phy [69–71], CXR may show cardiopulmonary 
changes as shown in Fig. 31.16, although these 
findings are non-specific for clinical diagnosis.

31.9.2	 �Tricuspid Regurgitation

Tricuspid regurgitation is a common valvular dis-
ease with more than 80% belonging to secondary 
in nature caused by tricuspid annular dilatation, 
pulmonary hypertension and right ventricular 
infarction, while primary origin results from con-
genital or acquired disease processes [62]. 
Volume overload of the right ventricle due to  

a b

c

Fig. 31.13  Ventricular septal defect (VSD) in a 4-month-
old baby with cardiac murmur for 1 month. (a and b) PA 
and lateral chest radiographs show increased lung mark-
ings, prominent pulmonary arteries and cardiomegaly. (c) 
Contrast-enhanced CT confirms left atrium and left 

ventricle enlargement. The interatrial septum is intact, but 
interventricular septum is disrupted with the defect size 
measured 5.9 × 11.2 cm, consistent with VSD. LV left ven-
tricle, RV right ventricle

31  Chest X-ray in Right Heart Disease



552

tricuspid regurgitation results in right ventricular 
size and functional changes. With chronic vol-
ume overload, the right ventricular hypertrophy 
develops. Patients with long-standing severe tri-
cuspid regurgitation lead to right heart failure.

Transthoracic echocardiography combined 
with Doppler imaging provides qualitative and 
quantitative assessment of tricuspid regurgitation, 
such as identifying the cause and severity of dis-
ease, measuring the dimensions of the tricuspid 
annulus, right ventricular function and right atrial 
and pulmonary arterial pressures [62]. Recently, 
3D echocardiography has been shown to be more 
accurate than standard 2D techniques in the detec-
tion of tricuspid anatomy and annular dimensional 
changes [72–75]. CMR is not widely available and 
has some limitations, while cardiac CT allows pre-
cise measurements of the tricuspid value and 
annular structures [76, 77]. CXR has limited diag-
nostic value as the findings of cardiomegaly are 
non-specific (Fig. 31.17).

a b c d

e f g

Fig. 31.15  Transthoracic and transesophageal imaging 
planes for the tricuspid valve. Multiple transthoracic 
imaging planes (a to d) should be performed for compre-
hensive imaging of the tricuspid valve (TV). The para-
sternal inflow view (a) images the anterior (a) and 
posterior (p) leaflets when no ventricular septum is in the 
imaging plane. (b) Parasternal short-axis view at the level 
of the aortic valve; when the transducer is angled anteri-
orly, only the anterior (a) leaflet is seen (with no other 
leaflet coaptation). (c) On-axis 4-chamber view with the 
left ventricle (LV) in the apex of the sector. The end-dia-
stolic frame shown should be used to measure the annular 

diameter (dashed yellow double arrow). A subcostal view 
is shown in (d). Transesophageal imaging planes (e to g) 
should be performed from multiple levels. These exam-
ples from the mid-esophageal view (e), the deep-
esophageal view (f), and the transgastric view (g) are 
simultaneous multiplane images showing the primary 
imaging plane on the left of each panel, and the orthogo-
nal (rotated 90°) image on the right side of each panel. AV 
aortic valve, LA left atrium, RA right atrium, RV right 
ventricle, RVOT right ventricular outflow tract, s septal 
leaflet. Reprinted with permission from Rodes-Cabau 
et al. [64]

Fig. 31.14  Tricuspid value (TV) anatomy. Tricuspid 
valve (TV) anatomy and adjacent structures. AA ascend-
ing aorta, CS coronary sinus, LCx left circumflex artery, 
MV mitral valve, MPA main pulmonary artery, RCA right 
coronary artery. Reprinted with permission from Rodes-
Cabau et al. [64]
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31.10	 �Pulmonary Valve Stenosis

Most of the pulmonary valve stenosis is caused 
by congenital diseases, while rheumatic cause is 
uncommon. Electrocardiogram in severe 
pulmonary valve stenosis shows right atrium 
enlargement, right ventricular hypertrophy and 
right ventricular strain pattern [1, 78]. The most 
typical feature of pulmonary valve stenosis is 
dilatation of the main pulmonary artery. Other 
findings that can be detected on chest radiograph 
include right-sided heart enlargement, dimin-
ished pulmonary vascular markings (Fig. 31.18) 
[1, 61, 78]. The heart may be within normal size, 
but can be enlarged in half of the patients. 
Transthoracic echocardiography is recommended 

as the imaging technique for diagnosis and fol-
low-up of pulmonary valve stenosis [79].

31.11	 �Pulmonary Regurgitation

Pulmonary regurgitation is most commonly 
caused by congenital heart disease such as 
Tetralogy of Fallot. Less common causes include 
rheumatic disease, trauma, endocarditis and pul-
monary artery dilation [1].

Patients with long-standing history of pulmo-
nary regurgitation are associated with develop-
ment of progressive right ventricular enlargement 
and reduced right ventricular function. Chest 
radiograph may show cardiomegaly involving 

a b

c

Fig. 31.16  Tricuspid stenosis in an 8-month-old boy 
with cyanosis after birth, and cardiac murmur for 1 month. 
(a) Chest radiograph shows decreased blood supply to the 
lung fields, with pruning of hilar vessels. The cardiac sil-
houette is enlarged. (b and c) Contrast-enhanced CT 

images confirm enlarged right atrium and right ventricle, 
with discontinued interatrial and interventricular septa 
with defects measured 13.5 × 12.9 and 13.0 × 10.9 mm, 
respectively
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the right atrium and right ventricle as well as pul-
monary artery enlargement (Fig.  31.19). 
Echocardiography is usually used for diagnostic 
assessment of pulmonary regurgitation, when 
combined with Doppler imaging it enables evalu-
ation of the degree of regurgitation, right ven-
tricular and pulmonary pressure changes [80, 
81]. Currently, CMR is the reference standard for 
evaluation of pulmonary regurgitation and right 
ventricular performance [82–84].

31.12	 �Summary

There has been significant progress in the recog-
nition and management of right heart disease 
owing to the increased impact of right heart dis-
ease on morbidity and mortality and rapid devel-
opments in imaging techniques. A variety of 
imaging modalities are available for clinicians to 
choose for diagnostic purpose, ranging from gen-
eral chest X-ray to 2D and 3D echocardiography, 

Fig. 31.17  Tricuspid regurgitation in a 50-year-old man 
with chest discomfort after exertion for 5  years. 
Echocardiography reveals tricuspid regurgitation with 
severe reflux, mitral valve slightly stenosed. Mitral valve 
replacement is noted. Chest radiograph shows that pulmo-
nary arteries are slightly prominent, with left atrium and 
right ventricle enlargement

a b

Fig. 31.18  Pulmonary valve stenosis in a 16-month-old 
boy with heart murmur detected 3  months after birth. 
Chest radiographs (a and b: PA and lateral views) show 

cardiac silhouette is enlarged, mainly involving the right 
ventricle. Lung blood supply is decreased with prominent 
pulmonary arteries
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cardiac computed tomography, cardiac magnetic 
resonance, and cardiac nuclear medicine imaging. 
Despite limitations, chest X-ray is still commonly 
used as the first line technique in the diagnostic 
assessments of right heart disease. Radiographic 
findings with chest X-ray provide useful informa-
tion for further imaging examinations.
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Abstract

A significant part of right heart failure man-
agement is the accurate imaging of right heart 
chambers with the means of conventional 
echocardiography as well as advanced imag-
ing. Because of the orientation of the right 
ventricular fibers, global assessment of the RV 
is difficult, with the two main sections con-
tracting perpendicular to each other: the inflow 
portion longitudinally and the outflow portion 
circumferentially. The aim of this review man-
uscript is to highlight important measurements 
from two dimensional echocardiography as 
well as explaining how we implement three 
dimensional echocardiography as well as 
speckle tracking into right heart imaging.

Keywords

Right heart · Two dimensional echocardiogra-
phy · Three dimensional echocardiography  
Speckle tracking

Abbreviations

3D	 Three dimensional
MPI	 Myocardial performance index
RA	 Right atrium
RV	 Right ventricle
TAPSE	 Tricuspid annular plane systolic 

excursion
TDI	 Tissue Doppler imaging

32.1	 �Introduction

Pulmonary hypertension is a debilitating disease 
with limited treatment options and prognosis. A 
significant part of right heart failure management 
is the accurate imaging of right heart chambers 
with the means of conventional echocardiogra-
phy as well as advanced imaging. The aim of this 
review manuscript is to highlight important mea-
surements from two dimensional echocardiogra-
phy as well as explaining how we implement 
three dimensional echocardiography as well as 
speckle tracking into right heart imaging.

32.2	 �Right Ventricular Anatomy

Right ventricle (RV) has a complex anatomy 
which may jeopardise the conventional 2D imag-
ing, especially due to the irregular shape of the 
cavity and its heavy trabeculation [1–3]. It is the 
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most anteriorly situated cardiac chamber, located 
immediately behind the sternum and it is more 
triangular in shape when viewed from the front. It 
also marks the inferior border of the cardiac sil-
houette. It curves over the left ventricle and this 
results in the right ventricular outflow tract riding 
the left ventricular outflow tract. RV is divided 
into three different parts [4, 5]: the inlet (from the 
tricuspid valve annulus to the proximal infundib-
ulum), the apical trabecular (the right ventricular 
body to the apex), and the outlet (also called 
infundibulum or conus, from the right ventricular 
outflow tract to the pulmonary valve). As opposed 
to the normal left ventricle, the RV is highly tra-
beculated and present several muscle bands 
including three prominent muscular bands [3]. 
The musculature of the RV extends from the 
atrioventricular to the ventriculo-arterial junc-
tions: The inflow portion of the RV is mainly 
composed of circumferential fibres in the subepi-
cardium and longitudinal fibers in the subendo-
cardium. The outflow portion of the RV is 
composed of both subendocardial and subepicar-
dial fibres running longitudinally, overlaid by 
fibres running at right angle to the outlet long 
axis in a circumferentially, which can be traced to 
the crista supraventricularis and to the anterior 
ventricular sulcus, serving to bind the two ven-
tricles together. Because of the orientation of the 
right ventricular fibers, global assessment of the 
RV is difficult, with the two main sections con-
tracting perpendicular to each other: the inflow 
portion longitudinally and the outflow portion 
circumferentially.

32.3	 �Right Atrial Anatomy

The right atrium is divided into two distinct parts: 
the thin-walled sinus venosus posteriorly and the 
auricle or RA appendage, anteriorly [6–8]. The 
sinus venosus is attached medially to the left 
atrium and postero-laterally to the crista termina-
lis. It includes the venous part (insertion of the 
inferior and superior vena cava), the vestibulum, 
and the atrial septum. The pectinated RA append-
age merges postero-laterally from the crista ter-
minalis and overlies the aortic root. Just posterior 

to the tricuspid valve, at its most superior edge is 
the orifice of the coronary sinus. A membranous 
structure, the Thebessian valve is often seen at 
the opening of the coronary sinus. The fossa ova-
lis, thin membrane between the right and left 
atria, lies at the middle portion of right atrium 
posterior wall, at the lower part of the septum, 
above and to the left of the orifice of the inferior 
vena cava. The limbus fossa ovalis is a prominent 
oval margin of the fossa ovalis. The Eustachian 
valve (inferior vena caval valve) is a stick-like, 
semilunar, extension of the inferior vena cava, 
with wide variability in length and shape. In the 
fetus this valve serves to direct the blood from the 
inferior vena cava, through the foramen ovale, 
into the left atrium. The Chiari’s network is a 
congenital remnant of the right valve of the sinus 
venosus [8].

32.4	 �Right Ventricular 
Pathophysiology

The RV is connected to the pulmonary vascular 
bed, which, in healthy volunteers, is a low-
resistance system [9]. It adapts better to volume 
loading than pressure-loading. Ventricular inter-
dependence is crucial in right heart disease and is 
ensured by the interventricular septum. In healthy 
volunteers, the considerably higher pressures in 
the left ventricular cavity render it circular in 
cross-section and the septum bows in to the 
RV.  Pressure-loading of the RV resulting from 
increased pulmonary artery pressure, causes the 
septum to flatten in systole as the right and left 
ventricular pressures begin to converge and when 
the RV becomes severely pressure loaded, the 
septum may even bulge in to the left ventricular 
cavity. In a volume-loaded RV with diastolic dys-
function and high end-diastolic pressures, the 
septum will flatten in diastole. These changes 
will impact on both left ventricular systolic and 
diastolic function.

In acute pressure-loading, such as pulmonary 
embolic disease, the RV will dilate and its free 
wall will become hypokinetic, but chronic pro-
gressive pressure-loading, as in pulmonary 
hypertension, will lead to right ventricular 
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remodeling, notably hypertrophy [10–12]. The 
process is not like the physiological hypertrophy 
of an athlete’s heart, but will also result in myo-
cardial fibrosis, inflammation, myocyte apoptosis 
and necrosis (forms of cell death) and abnormal 
contractile function. Right ventricular systolic 
and diastolic function will therefore deteriorate 
and it is thought these parameters determine 
exercise capacity, symptoms and prognosis.

The filling pattern of the RV will alter as dia-
stolic function worsens. As relaxation first 
becomes impaired, early diastolic filling is 
reduced and there is an increase in filling due to 
atrial contraction. This results in the reversal of 
the transtricupsid E:A ratio in association with 
prolonged isovolumic relaxation time. With pro-
gressive diastolic impairment, right atrial pres-
sure increases, leading to increased early diastolic 
filling, so that the diastolic filling pattern pseudo-
normalises. With very severe impairment, iso-
volumic relaxation time may shorten due to high 
right atrial pressure and the restrictive character-
istics of the RV.

Proximal coronary blood flow to the RV 
occurs in systole and diastole. More distally, flow 
is predominantly diastolic. Ventricular hypertro-
phy, increased wall tension in systole and dias-
tole and impaired cardiac output reduce coronary 
artery driving pressure and increased oxygen 
demand, which may result in right ventricular 
ischemia [10].

32.5	 �Echocardiography 
in Pulmonary Hypertension

32.5.1	 �Two Dimensional 
Echocardiography

32.5.1.1	 �Qualitative Assessment
Three components are important for the qualita-
tive right ventricular assessment which will give 
a preview and maybe indicate towards the etiol-
ogy of pulmonary hypertension, if that is yet 
unknown: dilatation, hypertrophy and contrac-
tility [7]. Normally the RV is 1/3 of the size of 
the left ventricle in the parasternal long axis 
view. One of the first changes in the RV in 

response to the increased preload and afterload 
is dilatation, which progresses with worsening 
pulmonary hypertension. Dilatation of the RV 
can be assessed in the parasternal long axis, 
short axis and the apical four-chamber view 
[11]. With regards to hypertrophy, when right 
ventricular afterload is chronically elevated, the 
right ventricular walls become hypertrophied. 
One of the first anatomical elements to do so is 
the moderator band, which in normal subjects it 
is thin and sometimes difficult to see. From the 
apical four chamber view, right ventricular 
hypertrophy is defined by a free wall thickness 
of more than 5 mm. Finally, as far as contractil-
ity is concerned, in pulmonary hypertension, 
right ventricular impairment is global: this is in 
contrast to other conditions affecting the RV, 
such as right ventricular infarction or arrhyth-
mogenic right ventricular cardiomyopathy, 
where there will be regional wall motion abnor-
malities [11–13].

32.5.2	 �Right Atrial Pressure

Measurement of the diameter of the inferior vena 
cava at end-expiration and during an inspiratory 
manœuvre provides an estimate of right atrial 
pressure. If the inferior vena cava diameter is 
normal (1.5–2.5 cm) and the segment adjacent to 
the right atrium collapses by at least 50% with 
respiration, then right atrial pressure is normal. 
Failure to collapse with respiration and/or dila-
tion of the inferior vena cava and hepatic veins is 
associated with higher right atrial pressures. 
When there is no response with normal respira-
tion, the patient is asked to “sniff”. This gener-
ates a sudden decrease in intrathoracic pressure, 
normally resulting in a decrease in inferior vena 
cava diameter [14] (Fig. 32.1).

32.5.3	 �Right Ventricular Systolic 
Pressure

Right ventricular systolic pressure is calculated 
through the Bernoulli equation and via the tricus-
pid regurgitant velocity. The latter is derived 
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from the application of continuous wave (CW) 
Doppler mapping on the tricuspid regurgitant jet, 
from the apical four chamber view or from the 
parasternal right ventricular inflow view, if the 
regurgitant jet is eccentric [6]. The peak velocity 
is measured in m/s.

The velocity reflects the right ventricular to 
right atrial pressure difference, ΔP, and when 
pulmonary stenosis is absent, right ventricular 
systolic pressure (RVSP) is assumed to equal pul-
monary artery systolic pressure (PASP), and is 
calculated through the Bernoulli Equation:

	
PASP RVSP V RAPTR= = ( ) +4

2

	
[VTR: tricuspid regurgitant velocity; RAP: right 
atrial pressure]

The normal expected upper limit of PASP 
depends on age and body mass index (BMI). In 
the largest study to date, the estimated upper 95% 
limit for PASP was 37.2 mmHg in low-risk sub-
jects (VTR 2.6 m/s), whereas the estimated upper 
95% limit for subjects aged 60 and over was 
43.6  mmHg (VTR 2.9  m/s). In those with a 
BMI > 30 kg/m2 the limit was 40 mmHg (VTR 
2.8 m/s). In all these measurements, right atrial 
pressure was assumed to be 10 mmHg [15].

Note that in cases of severe free-flow tricuspid 
regurgitation, the Bernoulli equation is not valid 

and the tricuspid regurgitant velocity will underes-
timate the transtricupsid pressure gradient: how-
ever, the severity of the tricuspid regurgitation is 
predictive of survival regardless of the PASP, irre-
spective of the underlying disease [16–18].

32.5.4	 �Pulmonary Artery Mean 
and Diastolic Pressure

As with the tricuspid regurgitant jet, the Bernoulli 
Equation can be applied to calculate pulmonary 
arterial end-diastolic pressure (PEDP) [6, 7]:

	
PEDP V RAPED= ( ) +4

2

	
[VED, end-diastolic pulmonary regurgitant 
velocity]

Mean pulmonary artery pressure, may also be 
derived from the pulmonary regurgitant velocity:

	
Mean PAP PRVBD= ( )4

2

	
[VBD, beginning of diastole pulmonary regurgi-
tant velocity]

Measurement of PEDP and mPAP is not rou-
tinely used in the diagnosis or follow-up pulmo-
nary hypertension, but may be useful in its 
identification when tricuspid regurgitant velocity 
cannot be used or relied upon.

• IVC Diameter at End-diastole & End-expiration

• Measure perpendicular to IVC long axis Inspiratory / Sniff Response

Mean RAP (mmHg) IVC ∆ (mm) Inspiratory Collapse

0–5 < 15 Complete

5–10  15–25 > 50%

10–15 15–25 < 50 %

15–20 > 25 < 50 %

> 20 >25 No change

Fig. 32.1  Estimation of right atrial pressure (RAP) through inferior vena cava diameter (IVC) and inspiratory 
collapse
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32.5.5	 �Right Ventricular Outflow 
Tract Acceleration Time

Right ventricular outflow tract acceleration time 
is the time in milliseconds from the beginning of 
the pulmonary ejection until the maximum of the 
systolic velocity. It is measured by pulsed-wave 
Doppler with the sample volume positioned at 
the centre of the pulmonary artery, ideally at the 
annulus, in the parasternal short axis view of the 
right ventricular outflow tract.

In normal people, the acceleration time exceeds 
140 ms and it shortens in pulmonary hypertension. 
There is an inverse relationship between accelera-
tion time and mean PAP and several equations 
have been described [19, 20].

	
Mean PAP AT= − ×( )79 0 45.

	

	
Mean PAP AT= − ×( )90 0 62.

	

	 log . . .1 0 0068 2 10mean PAP AT= + 	

but these are not commonly used to derive pres-
sure in clinical practice as they have been super-
seded by tricuspid regurgitant velocity. 
Nonetheless, acceleration time may be a useful 
measure when the tricuspid velocity cannot be 
measured, particularly at diagnosis. A value 

below 105 ms is suggestive of pulmonary hyper-
tension [7].

32.5.6	 �Right Atrial Volume Index

The measurement of RA volume index is usually 
performed from the apical four chamber view or 
from the subcostal view. Atrial volume is mea-
sured at end-systole, where the maximum atrial 
volume can be obtained [14].

The single plane area-length method is used 
and RA volume is measured using the area and 
the long axis length of the atrium [14]:

	
RA volume index A L BSA= ( )0 85 2. / /

	

[A, area of atrium in any view (cm2); L, long 
axis length of atrium (cm); BSA, body surface 
area]

An alternative method for measuring right 
atrial volume index from the apical four-chamber 
is the method of discs or Simpson’s rule. In this 
plane, the disc diameters at various levels of the 
atria are used to determine the cross-sectional 
area. Three-dimensional echocardiography is an 
alternate imaging modality for the accurate 
assessment of right atrial volume (Fig. 32.2).

RA volume

Fig. 32.2  Right atrial volume index assessment: on the 
left, two dimensional echocardiographic assessment 
where A is the right atrial area and L is the length of right 

atrium. On the right, we present the three dimensional 
echocardiographic approach
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The normal ranges for 2D echocardiographic 
RA volume are 25  +  7  mL/m2 in men and 
21 + 6 mL/m2 in women [8, 14].

32.5.7	 �Right Ventricular Fractional 
Area Change

Right ventricular fractional area change (FAC) is 
calculated as follows:

	
RV FAC AED AES AED% /( ) = −( ) 	

where AED is end-diastolic area and AES is end 
systolic area, measured from the apical four 
chamber view. It is a simple method for assess-
ment of right ventricular systolic function which 
has been shown to correlate with ejection fraction 
measured using cardiac MRI and prognosis in 
pulmonary hypertension. It also correlates with 
response to treatment [21, 22].

32.5.8	 �Eccentricity Index of the Left 
Ventricle

Eccentricity index is measured by the parasternal 
short-axis at the level of left ventricular papillary 
muscles. It is measured as the ratio of the minor 
axis of the left ventricle parallel to the septum 
(D2), divided by the minor axis perpendicular to 
the septum (D1).

The index is measured in end-diastole and 
end-systole. In a purely pressure-loaded RV, 
there is flattening of the interventricular septum 
in end-systole, which results in increased end-

systolic left ventricular eccentricity index. In 
pure volume-loading, the eccentricity index will 
be increased in end-diastole [11, 23].

32.5.9	 �Myocardial Performance 
Index

Myocardial Performance Index, also known as 
Tei Index [7, 24–26], combines a combination of 
systolic and diastolic measurements. The normal 
range for RV MPI is 0.28–0.329 [25, 26]. It is 
relatively unaffected by heart rate, loading condi-
tions or the presence and the severity of tricuspid 
regurgitation. In patients with idiopathic pulmo-
nary arterial hypertension, the index correlates 
with symptoms and values above 0.88 predict 
poor survival [25].

The advantages of its use are good reproduc-
ibility, quick calculation, no need for use of geo-
metric models and appliance even in the presence 
of a difficult acoustic window. There are two dif-
ferent approaches for the measurement of 
MPI. Colour Doppler (Two views: apical tricus-
pid inflow and parasternal right ventricular 
inflow): Two different views are needed for the 
determination of MPI—the apical four-chamber 
view for the tricuspid inflow pattern and the para-
sternal short axis right ventricular outflow tract 
view for the determination of ejection time.

Tissue Doppler Imaging (One view: Pulsed-
wave Doppler of the right ventricular free wall): 
TDI can also be used to derive the same parame-
ters as colour Doppler, but only one view is 
required (Fig. 32.3).

Fig. 32.3  Calculation 
of myocardial 
performance index 
(MPI) of the right 
ventricle. IVCT 
isovolumic contraction 
time, IVRT isovolumic 
relaxation time, ET 
ejection time
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32.6	 �Tricuspid Annular Plane 
Systolic Excursion (TAPSE)

TAPSE is the reflection of the movement the base 
to apex shortening of the RV in systole (longitu-
dinal function). During ventricular systole, long 
axis shortening is created by motion of both 
atrioventricular valve annulae toward the cardiac 
apex. Because the septal attachment of the tricus-
pid annulus is relatively fixed, the majority of tri-
cuspid annular motion occurs in its lateral aspect.

The measurement of TAPSE is derived from 
the apical four chamber view. Special care has to 
be taken for the whole RV to be included in the 
view with no dropout in the endocardial outline 
along the interventricular septum and RV free 
wall. The width of sector should be limited onto 
the right ventricular free wall, and the M-mode 
cursor should be positioned on the lateral portion 
of the tricuspid annulus, measuring in control 
sweep mode [7].

Maximal TAPSE is defined by the total excur-
sion of the tricuspid annulus from its highest 
position after atrial ascent to the peak descent 
during ventricular systole. Earlier studies using 
2D echocardiography showed that in the normal 
RV this value exceeds 16 mm. Using M-mode the 
normal range is higher (24.9  ±  3.5  mm; 
25.4 ± 4.9 mm) and a value of 20.1 mm has been 
shown to be a useful cut-off in identifying pulmo-
nary hypertension [27, 28].

In a volume-loaded ventricle with preserved 
function, such as in the presence of an atrial sep-
tal defect, TAPSE may be very high, over 30 mm. 
In a volume- and pressure-loaded RV, such as a 
dilated, hypertrophied RV with significant func-
tional tricuspid regurgitation, TAPSE may 
become pseudonormalised.

32.6.1	 �Three Dimensional 
Echocardiography

3D echocardiography has over the last 20 years 
evolved from a challenging experimental tech-
nique requiring outstanding image quality, the 
use of large 3D transducers, and time-consuming 
post-processing steps, into a modality on the 

brink of clinical routine usage, with highly 
improved spatial and temporal resolution as well 
as a relatively small transducer footprint.

Current transthoracic 3D transducers, the so-
called “fully sampled matrix transducers”, while 
still slightly heavier and larger than 2D transducers, 
have a similar footprint to standard 2D transducers 
and are capable of imaging the entire RV with 
frame rates of 20–30 frames/s Apical acquisition of 
volumes is recommended in the adult population. 
An effort should be made to include the tricuspid 
valve, the apex, and the outflow tract with the pul-
monary valve in the full volume. As it is often dif-
ficult to include the whole RV volume in the 
acquisition sector, a modified apical view can be 
advantageous. The modified view is off-axis com-
pared with the standard 2D apical four-chamber 
view. One way (the medial approach) is to move the 
transducer medially to the RV modified apical four-
chamber view and then tilt the transducer cranially 
and anteriorly—and even rotate—to include the 
pulmonary valve in the guidance images (Fig. 32.4). 
Another way (the lateral approach) is to displace 
the transducer laterally with an anterior tilt. To 
include both the pulmonary and tricuspid valves, it 
can sometimes be of use to move the transducer fur-
ther laterally than the RV-focused apical four-
chamber view and even to a more cranial intercostal 
space, as well as rotating the transducer.

32.6.2	 �Analysis of Data

There are several software packages available for 
endocardial delineation of cardiac chambers, 
with some being dedicated to the RV. Pronounced 
trabeculations, prominent moderator band, or 
anterior papillary muscle are difficult to differen-
tiate from the anterior RV wall using the 
semi-automatic delineation software, especially 
with limited image quality. Owing to the fact that 
as much as 25% of the RV volumes may originate 
from the RV outflow tract, semi-automated bor-
der tracing can miss out considerable parts of the 
volume if manual correction is not performed 
(Fig. 32.5). The underestimation of volumes in 
comparison to cardiac MRI decreases when 
manual correction is performed, yet at the cost of 

32  Echocardiography of Right Heart



568

substantially increased time requirements for 
analysis. Manual correction of semi-automated 
border delineation can take three to four times 
longer than the uncorrected delineation, which on 
average takes 4  min; it is even longer than the 
time that manual delineation of a transversal 
stack of magnetic resonance images would take. 
With the development of new softwares, encour-
aging test–retest reliability for RV 3D echocar-
diographic volumes has been reported, with 
variabilities of 7% for end-diastolic volumes.

32.6.3	 �Right Ventricular Speckle 
Tracking

Up to recently, RV strain analysis focused on the 
longitudinal values only taking into consideration 
that the RV free wall was best visualized from the 

apical view, while avoiding transverse strain val-
ues because of its thin cross section. Three dimen-
sional strain helped overcoming this obstacle. RV 
systolic function is predominantly directed by the 
longitudinal arrangement of myocardial fibers. 
When compared to the left ventricle, the RV lacks 
the middle layer of myocardial fibers that is why 
in healthy volunteers and pulmonary hypertensive 
patients, circumferential strain has the smallest 
magnitude of the three vectors [29]. Despite this 
anatomical documented knowledge, the reduction 
in strain is proved to be due to circumferential 
stretch and subsequent reduction in contractility. 
Failure of the outer layer to contract circumferen-
tially may signify oblique myocardial arrange-
ment in the superficial subepicardium [30].

Radial strain derives from the superficial, 
obliquely arranged subepicardial fibers with an 
inwards wave-like contraction, whereas the 

Acquisition

Apical 4 chamber view 

3D-dataset

Full volume dataset 
• 4-7 consecutive beats
• Adequate temporal
  resolution

Save raw
data 

Tip: more
lateral

Tip: don’t forget RV apex !!
Adjust depth and width

Tip:≠ cardiac cycles,
≠ temporal resolution

Avoid stitching artifact

Step 1

Step 2

Step 3

Fig. 32.4  Three dimensional echocardiography: acquisition of sequences
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Analysis

Endocardial mapping:
1. RVOT excluded

2. Trabeculationsincluded to
the blood pool

Epicardial mapping

Short axis from base to apex
(Simpson’s rule)

7 mm slices

Myocardial volume

Multiplied with myocardial density (1.05 g/dl) >
myocardial mass

Step 1

Step 2

Step 3

Fig. 32.5  Three dimensional echocardiography: analysis of sequences

Fig. 32.6  (on the left): Two dimensional speckle tracking of the right ventricle, (on the right): three dimensional 
speckle tracking of the right ventricle

wave-like base-to-apex contraction is coming 
from the longitudinal fibers [31].

When pulmonary hypertensive patients are 
compared to controls, radial strain is the predom-

inant variable in systolic volume variation and 
has the greatest reduction when compared to 
healthy volunteers [32, 33] (Fig. 32.6).
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�Conclusion

As a conclusion, transthoracic echocardiogra-
phy remains the first line imaging tool on a 
patient with suspected pulmonary hyperten-
sion. All imaging indices should be taken into 
consideration when assessing a patient. 
Always remember that should we want to 
exclude other causes, we need to address to 
multimodality imaging. Finally, right heart 
catheterization remains the gold standard 
method for the diagnosis of pulmonary hyper-
tension. Figure 32.7 is a suggested algorithm 
of how to approach a patient with suspected 
pulmonary hypertension.
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Transthoracic Echocardiography: 
Improved Practice by Real-Time 
3D Acquisition and Automation

Kuan-Chih Huang, Jiunn-Lee Lin, 
and Lung-Chun Lin

Abstract

Right ventricular ejection fraction (RVEF) has 
been approved of important prognostic in 
many cardiac diseases. However, RVEF in 
these studies was mostly evaluated by cardiac 
magnetic resonance imaging (CMR), radionu-
clide imaging or even angiography, but not the 
most accessible echocardiography. Most dif-
ficulties of right ventricular assessment by 
two-dimensional echocardiography come 
from the unusual crescent shape, the anterior 
location and the complex contraction mecha-
nism. With recently available dedicated soft-
ware, three-dimensional echocardiography 
should bring the innate accessibility in to full 
play, putting in the last piece, the right ventri-
cle, of puzzle of ventricles.
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33.1	 �Introduction

For many years, right ventricle (RV) has continu-
ously been challenging echo-cardiologists with its 
complex geometry and unique way of contraction. 
These unresolved obstacles made the RV a forgot-
ten chamber, and indirectly opened the era of “the 
left cardiology”. From left ventricular ejection 
fraction (LVEF) based systolic function to dia-
stolic function that comprises spectral Doppler 
envelop of mitral inflow and basal tissue velocity 
of LV septal and lateral walls to recently widely 
adapted spectral tracking derived strain analysis, 
comprehensive LV evaluations gradually become 
an unaffordable workflow with limited prognostic 
applications due to complicate inter-vendor varia-
tions. Nowadays, the only echo-derived therapeu-
tic indicator remained LVEF alone, and there are 
lots of controversies in strain analysis. As the LV 
evaluation cannot catch up the rapidly improving 
steps of medical and interventional treatments, the 
focus of cardiologists returned back to the selec-
tively forgotten chamber. Intuitively, right ventri-
cle should have prognostic value in any group of 
pulmonary hypertension (PH). As a result, more 
and more reappraisals of the importance of RV 
were launched in the group 2 PH, such as severe 
decompensated heart failure, heart failure with 
preserved ejection fraction, post myocardial 
infarction status and valvular heart diseases. 
Radionuclide and cardiac magnetic resonance 
imaging (CMR) have been already applied for 
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evaluation of RV function [1, 2], but echocardio-
gram, the imaging modality with the greatest 
availability, regained its reliable application on RV 
very recently [3]. In this chapter, we will go 
through traditional two dimensional echocardiog-
raphy (2DE) RV evaluation, describe the superior-
ity of three dimensional echocardiography (3DE), 
introduce basic technique of image acquisition and 
discuss further application of 4D volumetric 
analysis.

33.2	 �Relationship Between Right 
and Left Ventricles

RV performs the very first of the in-series dou-
ble pumps, as a result, its functioning reflects a 
composite result of fluid status, pulmonary vas-
cular resistance and left heart function. Besides, 
the anatomical connection via septum, pericar-
dium and the anatomical continuous outer layer 
of myocardium with LV constitute the ventricu-
lar interdependence. Experimental animal stud-
ies showed that approximately 20% to 40% of 
RV systolic pressure and volume outflow results 
from LV contraction [4]. Mitral regurgitation 
was reported to correlate with RV dilatation and 
enlargement of right coronary artery [5]. Sabe 
and colleagues also found that mitral regurgita-
tion (as measured by effective orifice area) 
appears to be a significantly independent predic-
tor of RVEF in patients with ischemic cardio-
myopathy [6]. LA function was recently 
reported to associate with right sided Ventricular-
arterial (VA) uncoupling [7]. Conversely, dilata-
tion of RV could also lead to elevation of left 
ventricular end-diastolic pressure (LVEDP) and 
impair LV elastance [4, 8]. With these percep-
tions, evaluation of right heart should not be an 
isolated branch or even a competition with the 
previously well-established LV cardiology. 
Cardiologist should re-unite these physiologi-
cally in-series and anatomically parallel cham-
bers to consider each phenotype of cardiac 
disease more comprehensively.

33.3	 �Two-Dimensional 
Echocardiography (2DE)

A comprehensive 2DE RV analysis includes pre-
cise measurements of dimension, estimations of 
loading status and assessments of contractile 
function.

33.3.1	 �Dimension

For the complex geometry of RV, guideline sug-
gested comprehensive 14 acquisition views 
(including 7 RV specific views) and defined five 
dimensions (Fig.  33.1) to complete a 2DE RV 
analysis [9]. The normal RV measurements by 
2DE are: basal diameter (RVD1) 24–42 mm, mid 
cavity diameter (RVD2) 20–35 mm, longitudinal 
diameter (RVD3) 56–86 mm, proximal RVOT in 
parasternal long axis 18–33 mm, and distal RVOT 
in parasternal short axis 17–27 mm. Maximal RV 
dimension should be acquired under judicious 
angular change of transducer under RV focused 
four-chamber view.

33.3.2	 �Loading Status

IVC diameter and collapsing response toward res-
piration were adopted for RA pressure estimation 
[10], but underestimation might occur in the con-
dition of severe tricuspid regurgitation as the 
highest estimated RA pressure was only 
15 mmHg. In the absence of pulmonic stenosis, 
right ventricular systolic pressure (RVSP) is equal 
to systolic pulmonary arterial pressure and can be 
estimated by the equation: RVSP = 4(V)2 + RAP 
[11], where V is the peak velocity of tricuspid 
regurgitation (TR) jet. Pulmonary diastolic pres-
sure (PADP) can be estimated by the equation: 
PADP = 4 × (end-diastoic PR velocity)2 and mean 
PAP by the equation 4 × (early PR velocity)2 [12]. 
For better temporal resolution of the regurgitant 
envelope, sweep speeds above 100 mm/s was sug-
gested. Echo contrast enhancement of Doppler 
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a b

c d

e f

g h

i j

Fig. 33.1  Commonly 
used views for right 
ventricular evaluation 
according to guideline. 
(a) Parasternal long-axis 
of RV anterior wall*; 
(b) Parasternal long-axis 
view of RV inflow; (c) 
Parasternal short-axis of 
basal RV; (d) Parasternal 
short-axis of bifurcation 
of the pulmonary 
artery*; (e) Parasternal 
RV short-axis at 
papillary muscle level; 
(f) Apical 4-chamber*; 
(g) RV focused apical 
4-chamber; (h) RV 
modified apical 
4-chamber; (i) RV 
subcostal 4-chamber; 
(j) Subcostal short-aixs 
of basal RV. *Views 
suggested for chamber 
quantification
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signal might not be necessary for native tricuspid 
valve with significant heart disease, but could be 
helpful in the condition of post-tricuspid surgery 
or PAH with competent tricuspid valve. Normal 
RVSP is below 40 mmHg and PAH is diagnosed 
as mPAP beyond 25 mmHg. Pulmonary vascular 
resistance (PVR) could be estimated by the Abbas 
equation: PVR (WU) = (TRVmax (m/s) × 10/PV 
VTI (cm))  +  0.16 [13], underestimation would 
happen in high resistant status and need correc-
tion by Dahiya equation [14].

33.3.3	 �Contractile Function

Normal RV ejection fraction has a mean value of 
52.3 ± 6.2% with 40% being the lower limit [9]. 
However, due to the complex geometry, no ideal 
equation of RVEF by 2DE has been developed. 
Instead, many surrogate parameters have been 
studied, including fractional area change (FAC), 
tricuspid annular plane systolic excursion 
(TAPSE) and RV strain. FAC is a convenient tool 
for RV function evaluation with lower normal 
limit of 35%. Because the requirement of clear 
RV border at the apical four-chamber view with 
maximal RV dimension and the angular sensitiv-
ity of RVD2, the scanning plane should pass both 
center points of the mitral and tricuspid valves 
(Fig. 33.2). As a result, the consistency of FAC 
limits its use. TAPSE has been widely adopted as 
a surrogate RV index. As Sakuma and colleague 
demonstrated in an angiographic study [15], the 
bellow effect (septum—free wall dimension) 
plays an important role in RV systolic function. 
But when RVEF is <40%, the contribution of lon-
gitudinal shortening increased. This might pro-
vide the theoretical support of using TAPSE for 
risk stratification but we cannot forget the effect 
of circumferential deformational change, which 
means not only anatomical continuity with LV but 
also an early sign on the very beginning of dete-
rioration of RV function. However, due to its rela-
tive low absolute value, TAPSE is mostly used as 
a dichotomic tool with a reference of 16 mm [9]. 
Recently, a composite parameter TAPSE/PASP 
has been developed to represent right sided VA 
coupling [16, 17], broadening the use of TAPSE. 

Speckle tracking analysis derived RV strain has 
been widely adapted for risk stratification in vari-
ous cardiac diseases by software originally 
designed for left ventricle, as a result, global RV 
strain, free wall strain and of other different 
regional of interest were all reported and claimed 
to have association with prognosis [18–21]. Even 
though the development of dedicated software for 
RV is in full wing, the inter-vendor consistency 
should be an issue to be dealt with as in their left 
counterpart. It is noteworthy to reclaim the idea of 
the composite character of these non-invasive 
indices of RV function. As studied in a porcine 
model, these parameters are more correlated with 
Ees/Ea rather than Ees [22], which means that 
these indices are more like a reflection of VA cou-
pling than of RV contractility.

33.4	 �Why Is 3DE Important?

Most difficulties of RV assessment by 2DE come 
from the unusual crescent shape, the anterior loca-
tion and the complex contraction mechanism. 
Even though several dimensions have been defined 
to depict the RV geometry, these are still not satis-
factory for clinical pathophysiology. For example, 
the apical dilatation of RV, a typical type of mor-
phological remodeling, cannot be described by the 
guideline suggested measurements. As the reflec-
tion point of myocardial fibers, the dilatation of 
RV apex will result in difficult decision of the ref-
erence point for further analysis of TAPSE and RV 
strain. On the other hand, the different RV adapta-
tion toward pulmonary arterial hypertension and 
pulmonary venous hypertension (Fig. 33.3) could 
only be represented by RVD2, which is the most 
angular sensitive dimension of RV. 3D-assisted 
2DE could provide a second sector of adjustable 
rotational angle to make sure the maximal coronal 
RV area is acquired. When the first sector is 
adjusted to of maximal RVD2, the second sector 
could be chosen to of tilting function, avoiding 
underestimation of RVD3 from taking moderator 
band as the border of RV apex.

The RV is the most anteriorly situated cardiac 
chamber and lies immediately behind the ster-
num. Such geographical condition brings the 
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need of compromise between prevention of fore-
shortened imaging and clear RV free wall border 
in longitudinal RV functional evaluation. 
Foreshortening would not be an issue in 3DE, as 
long as the whole volume is included in the data-
set, as the axis can be corrected in the post-
processing step.

The RV contracts by 3 separate mechanisms: 
(1) inward movement of the free wall, which pro-
duces a bellows effect; (2) contraction of the lon-

gitudinal fibers, which shortens the long axis and 
draws the tricuspid annulus toward the apex; and 
(3) traction on the free wall at the points of attach-
ment secondary to LV contraction [23]. Besides, 
RV contraction is sequential, starting with con-
traction of the inlet and trabeculated myocardium 
and ending with contraction of the infundibulum. 
As a result, RV alters its shape continuously 
throughout its unique peristalsis-like contraction, 
and the dynamic pumping process has been over-

Fig. 33.2  Angular 
sensitivity of right 
ventricular dimension. 
The scanning plane 
should pass both center 
points of the mitral 
and tricuspid valves 
(upper panel) to acquire 
suitable four chamber 
view for RV chamber 
quantification
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looked as has the individual contractive contribu-
tion made by each of the three parts of the 
RV. This makes most static 2DE RV parameters 
only of modest predictive value in the prognosis 
of heart disease. 3DE with dedicated software 
could provide volumetric analysis in each part of 
RV or as a whole, giving cardiologist the 
opportunity to jump out the left sided boundary 
to observe RV.

RVEF has been approved of important prog-
nostic in many cardiac diseases (Table  33.1). 
However, RVEF in these studies was mostly eval-
uated by CMR, radionuclide imaging or even 
angiography, but not the most accessible echo-
cardiography. Reliability between RVEF and 
those surrogate 2DE parameters has only been 
proved in specific group at well-defined condi-
tions. Previous comparing studies also revealed 
that the correlation of RVESV with CMR is rela-
tively lower in 2DE [41]. With recently available 
dedicated software, RV 3DE should bring the 
innate accessibility in to full play, putting in the 
last piece of puzzle of ventricles.

33.5	 �3DE Assessments of RV

With the development and improvement of 
matrix transducer, 3D echocardiography has 
evolved from a challenging experimental tech-
nique into a possible daily practice. The follow-
ing will introduce some tips and tricks of RV 
3DE acquisition and basic analytic methods.

33.5.1	 �Acquisition

In traditional apical four-chamber view, the bor-
der of RV free wall could be shielded by right 
lung lobe or might intermittently be out of the 
scanning sector. Complete inclusion of the cham-
ber of interest is the base of 3DE volumetric anal-
ysis. Selection of suitable approach during 
acquisition could increase the rate of successful 
inclusion of dilated RV (Fig. 33.4) [42].

33.5.1.1	 �Lateral Approach (RV 
Focused Apical 
Four-Chamber)

This acquisition can be achieved by starting from 
the ASE guideline described RV focused apical 
4-chamber view, displacing the transducer later-
ally, then adding an anterior tilt. Sometimes a 
more cranial intercostal space and slight rotation 
of transducer could help much to include both the 
pulmonic and tricuspid valves. Like liver 
enhanced penetration in pediatric echocardiogra-
phy, such approach used the LV to increase the 
RV free wall echogenicity, but is challenged by 
far-field resolution, ribs and artifacts from lungs. 
The lateral approach is suitable in group 2 PAH, 
except rheumatic mitral stenosis, as the LV con-
stitutes the greatest part of heart. This is also the 
official recommended acquisition from one of the 
dedicated RV 3DE analysis software [3].

33.5.1.2	 �Medial Approach (RV 
Modified Apical 4-Chamber)

For typical group 1 PAH and rheumatic mitral 
stenosis, the right ventricle is usually more 
enlarged then LV and occupied the apex. In this 
situation, the lateral approach is not suitable as 
the relative small LV cannot provide enough 

a

b

Fig. 33.3  RV adaptation to PAH (a) and PVH (b)
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Table 33.1  Prognostic applications of RV systolic function in different cardiac diseases

Study Population (n) Modality
RV indices & cut 
point Major findings

Zornoff et al. 
[24] 2002

ICMP, LVEF 
≤40% (416)

2DE RVFAC <32.2% RV function is an independent predictor of 
total mortality, cardiovascular mortality and 
HF

Van der Mass 
et al. [25] 
2012

ICMP (347) Radionuclide RVEF <40% A decreased RVEF was associated with a 
2.15 (1.34–3.43)-fold increase in the risk of 
cardiac hospitalization and a 5.11 (2.32–
11.23)-fold risk of cardiac death

Sabe et al.  
[6] 2016

ICMP (588) CMR RVEF <35% Although decreasing RVEF was associated 
with a poor prognosis in the nonrepair 
group (hazard ratio, 1.28; 95% confidence 
interval, 1.12–1.47; P < 0.001), it was not 
associated with death in the mitral valve 
repair or replacement group (P for 
interaction = 0.046)

La Vecchia 
et al. [26] 
2006

DCM, LVEF 
<55% (120)

Aniography RVEF <34% At multivariate analysis, independent 
predictors of transplant-free survival were 
RVEF (P = 0.001), right ventricular stroke 
work index (P = 0.015), right ventricular 
end-diastolic volume (P = 0.034) and left 
ventricular end-diastolic volume 
(P = 0.048), but not LVEF

Kawata et al. 
[27] 2017

DCM, LVEF 
<35% (68)

2DE RVFAC <26.7% Receiver-operating characteristic curve 
analysis showed that the optimal FAC 
cut-off value to identify patients with an 
event was <26.7% (area under the 
curve = 0.74)

Mikami et al. 
[28] 2017

Systolic HF 
(314)

CMR RVEF <45% RV dysfunction is a strong, independent 
predictor of arrhythmic events

Tamaki et al. 
[29] 2015

LVEF <40% (63) MIBG RVEF <37% RVEF and MIBG wash-our rate were 
independent predictors of unplanned WHF 
hospitalization

Ghio et al. 
[16] 2016

CHF (1663) 2DE TAPSE/PASP 
<0.36 mm/
mmHg

Regardless of the extent of LV dysfunction, 
the TAPSE/PASP ratio is a powerful 
independent predictor of prognosis in all 
heart failure patients

Iacoviello 
et al. [30] 
2017

CHF (315) 2DE (RVGLS/PASP) 
<0.36; (RV free 
wall strain/
PASP) <0.66

Both RV-GLS/PASP and RV-fwLS/PASP 
were significantly associated with an 
increased risk of death

Antoni et al. 
[31] 2010

STEMI (621) 2DE FAC <32%, 
TAPSE 
<15 mm, GLS > 
−22.1%

After multivariable analysis, only RVFAC 
(hazard ratio, 0.96; 95% CI, 0.92–0.99) and 
RV strain (hazard ratio, 1.08; 95% CI, 
1.03–1.13) independently predicted the 
composite end point

Larose et al. 
[32] 2007

30 days after 
myocardial 
infarction (147)

CMR RVEF <40% By multivariable analysis that adjusted for 
patient age, left ventricular (LV) infarct 
size, and LVEF, RVEF <40% remained a 
significant independent predictor of 
mortality (adjusted hazard ratio 2.86; 
P = 0.03)

Murata et al. 
[33] 2016

PH with mPAP 
>35 mmHg (86)

3DE RVEF <28% K–M analysis showed that patients with 
3DRVEF less than 28% had significantly 
shorter event-free survival in patients with 
mPAP >35 mmHg

(continued)
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echogenicity. A medical approach, derived by 
moving the transducer medially from the guide-
line described RV modified apical four-cham-
ber view, could be adopted for these patients. 
This is because the dilated RV contact the chest 

wall more closely, providing a possible acous-
tic window for better resolution of RV anterior 
and free wall. Apex from this approach is chal-
lenged by near-field resolution, ribs, and the 
sternum.

Table 33.1  (continued)

Study Population (n) Modality
RV indices & cut 
point Major findings

Courand 
et al. [34]

PH (78) Radionuclide RVEF <25% Patients of baseline RVEF >25% or stable 
RVEF during follow up had better 
prognosis

Jensen et al. 
[35] 2015

PH ES (48) CMR RVEF <40% (in 
conjunction with 
LVEF <50% for 
given. Failure)

Impaired right, left, or biventricular systolic 
function derived from baseline CMR are 
associated with mortality in adult patients 
with ES

da Costa 
et al. [18] 
2017

Group 1 PH (66) 2DE RV free wall 
strain > −14%

Multivariate analysis identified RVFreeWSt 
≤ −14% as the only 2DE independent 
variable associated with combined 
endpoints (hospitalization for worsening 
PAH or cardiovascular death) [HR 4.66 
(1.25–17.37); P < 0.05]

Haeck et al. 
[19]

PH (150) 2DE RV free wall 
strain > −19%

RV free wall strain is significantly 
associated with all-cause mortality

Bodez et al. 
[36] 2016

Caridac 
amyloidosis 
(TTR) (82)

2DE TAPSE <14 mm Low TAPSE independently predicted major 
adverse cardiac event (MACE) defined as 
death, heart transplantation and acute heart 
failure

Cappelli 
et al. [20]

AL amyloidosis 
(52)

2DE Average of RV 
strain from 3 
free wall 
segment > 
−17%

Cox multivariate analysis showed that 
N-terminal pro-Brain natriuretic peptide 
and RV longitudinal strain were the 
strongest death predictor

Bootsma 
et al. [37] 
2017

Cardiovascular 
surgery (1109)

Thermal 
filament

RVEF <20% Right ventricular function is associated 
independently with 2-year all-cause 
mortality in a heterogenic cardiac surgery 
population

Dahou et al. 
[21] 2016

LFLG AS (211) DSE Stress RV free 
wall strain > 
−14%

After adjustment for rest RVLS, stress 
RVLS <|14|% remained independently 
associated with mortality (HR = 3.29; 95% 
CI 1.17–9.25; P = 0.024), whereas rest 
RVLS was not (P > 0.05)

Le Tourneau 
et al. [38] 
2013

Organic MR 
(208)

Radionuclide RVEF <35% RV function impairment depends more on 
LV remodeling and septal function than on 
PASP. RV function is a predictor of 
postoperative cardiovascular survival

Burri et al. 
[39] 2010

CRT (44) Radionuclide RVEF <35% Patients with a baseline RVEF < or = 0.35 
(n = 19) were less likely to improve in 
NYHA class (P = 0.016), and also tended to 
improve less in 6MWD and LVEF 
(P < 0.06)

Alpendurada 
et al. [40] 
2011

CRT (60) CMR RVEF <30%; 
TAPSE <10 mm

Patients with marked RV dysfunction 
(RVEF <30%) had a particularly low 
response rate (18.2%) to CRT
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33.5.1.3	 �Subcostal Approach
As a bailout choice, subcostal approach is a theo-
retical solution, as 3DE analytic software allows 
inspector to define anatomical reference land-
marks. However, the innate limitation that the 
lateral resolution is always lower than the axial 
resolution for any ultrasound imaging might 
compromise the 3D RV strain analysis and the 
RV volumetric analysis has not yet been vali-
dated with CMR.  Possible compression from 

transducer might also lead to misinterpretation of 
RV function because there is no physical protec-
tion from the thoracic cage during subcostal 
echocardiography. Nevertheless, subcostal 
approach is a helpful to perform echocardiogra-
phy on patients of chronic obstructive pulmonary 
disease (i.e. Group 3 PAH).

33.5.2	 �Imaging Optimization During 
Acquisition

Complete inclusion of RV in the 3D pyramidal 
dataset is not enough, while the adequate frame 
rate (usually above 20 Hz) is the foundation of 
volumetric analysis. For the beginners, the adjust-
ment of sector width is a major obstacle to simul-
taneously consider these mutually exclusive 
characters of echocardiography. Fortunately, real 
time multiple planar reconstruction is now avail-
able during 3DE acquisition in many echocar-
diography machines. For example, on the Philips 
IE33 and Epiq 7 systems (Philips Medical 
Systems, Andover, MA), four-screen demonstra-
tion provides two apical 2D multiplanar recon-
struction (MPR) views, one short axis MPR view 
and the 3D volume view when apical approach 
(either medial or lateral) is adopted. The apical 
2D view could help examiner to adjust sector 
width for the inlet and sinus part of RV, and the 
short axis 2D view could help to make sure the 
inclusion of outlet part. When multiple beats 
reconstruction is chosen for higher frame rate, 
real time MPR also provide better check of any 
stitching artifacts that would be difficult to detect 
in the 3D volume view without familiar 3D rota-
tion examination. For patients with arrhythmia or 
those cannot hold breath for multiple beats recon-
struction, high volume rate (HRV) mode is 
another choice at the expanse of resolution as the 
number of scanning lines was reduced.

33.5.3	 �Analysis of 3DE Datasets

Three-dimensional echocardiographic data sets 
should be stored digitally and used for off-line 

a

b

c

Fig. 33.4  Acquisition windows and corresponding 
views: (a) medial approach, (b) lateral approach, (c) sub-
costal approach
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analysis. Quantitative analysis can be performed 
using dedicated software (4D RV-Function 2.0, a 
module of TomTec-Arena; TomTec Imaging 
Systems, Unterschleissheim, Germany) to mea-
sure RV volumes and EF using a semi-automated 
algorithm. The first step of analysis is to manually 
define the LV and RV long axes at end-diastole in 
both apical two- and four-chamber views, left 
ventricular outflow tract diameter in the apical 
three-chamber view, the anterior and posterior 
junction points of the RV free wall on the inter-
ventricular septum, and the longest dimension of 
the RV cavity between the septum and the free 
wall, both in a single short-axis view (Fig. 33.5a). 
These anatomic landmarks are then used automat-
ically to extract from the 3DE data set of the right 
ventricle–focused four-chamber view and a series 
of short-axis views from base to apex at both end-
systole and end-diastole (Fig.  33.5b). The soft-
ware will then track the RV surface rendering 
model throughout the cardiac cycle by speckle-
tracking technology (Fig. 33.5c). Interactive fine-
tuning of the RV border with the assisted of MPR 
technique is allowed at end-diastole and end-sys-
tole. The following analysis will then performed 
automatically to generate RVEDV, RVESV, 
RVEF, 3D assisted FAC and TAPSE, and 3D RV 
strain of free wall and septal wall.

Besides these 3D static data, a 4D RV volume 
to time curve will also be generated for further 
volumetric analysis. For example, in our experi-
mental study, a continuous wave Doppler enve-
lope of tricuspid regurgitation was transformed 
into a pressure gradient recording and conjugated 
with the RV volume-to-time curve to yield a sys-
tolic pressure gradient-volume (PG-V) curve. 
The area under the curve could then represent RV 
stroke work.

33.6	 �Limitations and Future of RV 
3DE

There are still some problems of RV 3DE analy-
sis remained to be resolved. Dropout artifacts are 
an innate weakness of echo imaging, especially 
for the infundibulum of RV. For example, the rate 
of exclusion due to sub-optimal imaging was as 
high as 21% in a 3DE analysis for pulmonary 
hypertension [43]. Similar issue of the left side 
counter part is about the near-field resolution of 
LV apex, and A.I. assisted model selection sys-
tem seems to provide a possible solution. The 
right heart version of such software should help 
much, as the infundibulum assessments might 
have important role in the field of VA coupling of 
right heart. On the other hand, the paradoxical 
septal movement, which is not uncommon in 
patients that would induce our interests in RV, 
would lead to inadequate septal tracking during 
dynamic analysis and limited the value of volu-
metric analysis. Custom software has been devel-
oped for curvature analysis of this special 
phenomenon during RV remodeling [44–47], the 
clinical significance and application depends on 
further works. In summary, the technique-
demanding tool, the technique-challenging 
chamber and time consuming post-processing 
steps might let the RV 3DE analysis become 
another frustrating workload before bringing 
clinical benefits, not to mention the serial exami-
nations that are more necessary in this load-
sensitive chamber. To replace the quickly and 
easily obtained parameters, like TAPSE, FAC 
and basal RV free wall tissue velocity, the devel-
opment of user-friendly and accurate on-cart ana-
lytic software is imperative and will be 
indispensable in the future.
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a

b

c

Fig. 33.5  Steps 
of volumetric right 
ventricular 4D analysis. 
(a) Decision of 
anatomical landmarks. 
(b) Automatic tracking 
of endocardial 
border with allowed 
interactive fine-tuning 
under the assistance 
of MPR technique 
at end-diastolic and 
end-systolic phase. (c) 
Result of 4D dynamic 
surface rending 
model (green), end-
diastolic endocardial 
mesh (white), and 
corresponding MPR 
2D echo planes; pink 
ring = pulmonic 
valvular plane, blue 
ring = tricuspid valvular 
plane
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Abstract

The multimodality imaging has improved 
considerable our understanding and possi-
bility to evaluate the right heart cavities and 
became mandatory for right ventricle evalu-
ation nowadays. However, echocardiogra-
phy remains the most accessible, fast and 
cheap modality in every day clinical practice 
and transesophageal echocardiography 
became a very useful tool in some clinical 
scenarios for diagnosis and monitoring 
purposes as well (peri-operative or 
peri-intervention, suboptimal transthoracic 
echocardiography quality).
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ventricle · Intraoperative echocaradiography

34.1	 �Introduction

The multimodality imaging has improved consid-
erable our understanding and possibility to evalu-
ate the right heart cavities and became mandatory 
for right ventricle evaluation nowadays. However, 
echocardiography remains the most accessible, 
fast and cheap modality in every day clinical prac-
tice and transesophageal echocardiography (TEE) 
became a very useful tool in some clinical scenar-
ios (peri-operative or peri-intervention, subopti-
mal transthoracic echocardiography quality).

34.2	 �Right Ventricle Anatomy

The right ventricle is the most anteriorly located 
heart cavity, right behind the sternum. Therefore, 
the visualization of right ventricle may be more 
appropriate by transthoracic echocardiography 
(TTE) than by TEE due the shorter distance 
between the probe and the mentioned structure.

The right ventricle has a particular shape, 
being triangular in frontal view and crescent in 
cross sectional view [1]. The right ventricle 
extends from the tricuspid valve and atrio-
ventricular junction leftward to the apex and 
after that turns superiorly to the pulmonary valve 
or ventriculo- arterial junction. The pulmonary 
valve marks the superior margin and the tricus-
pid valve the right margin. The complex shape of 
low pressure right ventricle is partially produced 
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by the indentation of high pressure left ventricle, 
the right ventricle wrapping around left 
ventricle.

The cavity of the right ventricle is formed by 
three parts: the inlet or the inflow tract bordered 
by the tricuspid valve, the apex and the outlet or 
the outflow tract bordered by pulmonary valve 
[2]. The inlet part of right ventricle extends from 
the tricuspid valve to the insertion of the papil-
lary muscles to the ventricular walls but a clear 
delimitation between outlet and the apex is absent 
due to presence of trabeculation. The subpulmo-
nary infundibulum is free of trabeculation and 
the delimitation between outlet and apex is clear. 
On the septum of right ventricle there is a charac-
teristic muscle band termed the septomarginal 
trabeculation. This trabeculation has a Y shape 
and the moderator bands take off from the Y 
body, while the two-arms point postero-inferiorly 
and antero-superiorly. Classically there are 
described three right ventricle walls: anterior, 
inferior and lateral wall (also named right ven-
tricular free wall) and each wall can be devided 
into basal, mid and apical segments [3].

The morphological difference between right 
and left ventricle are: the presence of moderator 
band, the presence of more than two papillary 
muscle and apical trabeculations and the discon-
tinuity between the inflow and outflow valves. 
The moderator band is a muscular band inter-
posed between the interventricular septum and 
anterior papillary muscle having inside the fasci-
cle of the right bundle branch of the atrio-
ventricular conduction system. The pulmonary 
valve is separated from the tricuspid valve by 
crista supraventricularis, a muscular fold 
extended from septum to subpulmonary infun-
dibulum of right ventricular outlet. Another 
important element is the atrio-ventricular corre-
spondent valve. For the right ventricle, the tricus-
pid valve has three leaflets and the distinctive 
feature is the septal leaflet. The septal leaflet is 
located closer to the left ventricle apex compar-
ing to mitral valve leaflets and has multiple tendi-
nous cords attaching it directly to the ventricular 
septum [1].

There are two important components deter-
mining the right ventricle contraction: the inter-
ventricular septum and the right ventricle free 
wall [4]. The interventricular septum is a central 
structure, composed by crisscross oblique fibers 
and their contraction contribute to right ventricle 
contraction [5, 6]. The right ventricle wall is 
thin, 3–5 mm thick not including trabeculations 
[7] and is formed mainly by two layers of myofi-
bres: the outflow tract has a circumferentially 
superficial or subepicardial myofibres and a deep 
layer of longitudinally apex to base aligned 
myofibres while the outflow tract is formed by 
longitudinal fibers in both subendocardial and 
subepicardial layers [8]. The inflow tract pro-
duces a systolic longitudinal shortening com-
pleted by a radial contraction while the outflow 
region has a predominant peristaltic motion [9]. 
Therefore, the contraction of right ventricle 
starts in the apex and propagates towards out-
flow tract.

To conclude the anatomical and functional 
details about right ventricle are very important 
for appropriate understanding of right ventricle 
visualization and function assessment by TEE.

34.3	 �Transesophageal 
Echocardiography Views 
for Right Ventricle Imaging

Transesophageal echocardiography became an 
important tool in every day clinical practice, 
not only for diagnostic purposes but also for 
monitoring the patient during interventional 
procedures, intra and perioperative in the oper-
ating theatre or on the intensive care unit [10]. 
Given mainly the importance of right heart in 
the perioperative settings, efforts have been 
made for a better visualization using TEE [11]. 
The classical transesophageal views allow the 
imaging of the right ventricle: the inflow tract is 
visualized in four chamber view, short axis 
view of the aorta and deep transgastric view 
while the outflow tract is visualized in long axis 
view of the aorta and short axis view of the 
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aorta (Fig. 34.1). Specific TEE views have been 
described lately, mainly used for right ventricle 
imaging. Therefore, beginning from classical 
four chamber view the lateral wall of right ven-
tricle is better visualized when tricuspid annu-
lus is maximized, cutting at the level where the 
right ventricle has the greatest dimension or 
starting from classical short axis view of the 
aorta the lateral wall is completely visualized 
when the cutting plane cross it at 60–70°. The 
transgastric short axis view focus on right ven-
tricle allow the visualization of entire right ven-
tricle (the three walls and interventricular 

septum in cross section) from apex to base, just 
changing the cutting plane by flexing or with-
drawing slightly the probe. Recently have been 
described two transgastric views that permit the 
visualization of inflow and outflow tract of the 
right ventricle (Fig. 34.1). The inflow transgas-
tric view of right ventricle is useful for visual-
ization of the inferior RV wall while the outflow 
transgastric view of right ventricle shows the 
anterior RV wall. The outflow view is also very 
important for hemodynamic monitorization 
allowing the estimation of cardiac output [12] 
(Table 34.1).

a b

c d

Fig. 34.1  Right ventricle assessment by transesophageal 
echocardiography: classical and more often used views- 
four chamber view (a) and inflow-outflow (b) and recently 

described transgastric views- inflow view (c) and outflow 
view (d) (TV tricuspid valve, RV right ventricle, PV pul-
monary valve, RVOT right ventricle outflow tract)

34  Transoesophageal Echocardiography



590

Ta
b

le
 3

4
.1

 
R

ig
ht

 v
en

tr
ic

le
 v

is
ua

liz
at

io
n 

by
 T

E
E

 [
13

–1
5]

V
ie

w
G

ra
ph

ic
 r

ep
re

se
nt

at
io

n 
an

d 
T

E
E

 v
ie

w
a

Pr
ob

e 
m

an
ip

ul
at

io
n

A
na

ly
ze

d 
st

ru
ct

ur
es

M
od

ifi
ed

 f
ou

r 
ch

am
be

r 
vi

ew
– 

�In
se

rt
 th

e 
pr

ob
e 

to
 th

e 
m

id
-e

so
ph

ag
us

, b
eh

in
d 

de
 le

ft
 

at
ri

um
 f

or
 o

bt
ai

ni
ng

 f
ou

r 
ch

am
be

r 
vi

ew
– 

�A
dj

us
t t

he
 m

ul
tip

la
ne

 to
 0

–2
0°

 
fo

r 
m

ax
im

iz
in

g 
tr

ic
us

pi
d 

an
nu

lu
s

– 
�L

ef
t h

ea
rt

 c
av

iti
es

 a
nd

 m
itr

al
 

va
lv

e
– 

�R
ig

ht
 a

tr
iu

m
– 

R
ig

ht
 v

en
tr

ic
le

– 
�T

ri
cu

sp
id

 v
al

ve
 (

se
pt

al
 a

nd
 

an
te

ri
or

/p
os

te
ri

or
 le

afl
et

)
– 

�In
te

rv
en

tr
ic

ul
ar

 a
nd

 
in

te
ra

tr
ia

l s
ep

tu
m

In
flo

w
-o

ut
flo

w
 

vi
ew

– 
�Fr

om
 f

ou
r 

ch
am

be
r 

vi
ew

 fl
ex

 
or

 w
ith

dr
aw

 a
nd

 a
dj

us
t t

he
 

m
ul

tip
la

ne
 to

 3
0–

60
° 

fo
r 

ob
ta

in
in

g 
an

 a
or

tic
 v

al
ve

 s
ho

rt
 

ax
is

 v
ie

w
– 

�R
ot

at
e 

th
e 

om
ni

pl
an

e 
to

 
60

–7
5°

– 
A

or
tic

 v
al

ve
– 

R
ig

ht
 a

nd
 le

ft
 a

tr
iu

m
– 

�Pu
lm

on
ar

y 
va

lv
e 

an
d 

ri
gh

t 
ve

nt
ri

cl
e 

ou
tfl

ow
 tr

ac
t-

– 
Pu

lm
on

ar
y 

ar
te

ry
 m

ai
n 

tr
un

k
– 

R
ig

ht
 v

en
tr

ic
le

 f
re

e 
w

al
l

– 
�T

ri
cu

sp
id

 v
al

ve
 (

an
te

ri
or

/
se

pt
al

 a
nd

 p
os

te
ri

or
 le

afl
et

)

M. Gurzun and S. I. Dumitrescu



591

(c
on

tin
ue

d)

L
on

g 
ax

is
 v

ie
w

– 
�Fr

om
 f

ou
r 

ch
am

be
r 

vi
ew

 
ro

ta
te

 th
e 

om
ni

pl
an

e 
an

gl
e 

to
 

12
0°

– 
A

or
tic

 v
al

ve
– 

�L
ef

t v
en

tr
ic

le
 a

nd
 le

ft
 

ve
nt

ri
cl

e 
ou

tfl
ow

 tr
ac

t
– 

M
itr

al
 v

al
ve

– 
L

ef
t a

tr
iu

m
– 

R
ig

ht
 v

en
tr

ic
le

 o
ut

flo
w

 tr
ac

t

T
ra

ns
ga

st
ri

c 
R

V
 

sh
or

t a
xi

s 
vi

ew
– 

�In
se

rt
 th

e 
pr

ob
e 

in
to

 th
e 

st
om

ac
h 

an
d 

fle
x 

fo
r 

ob
ta

in
in

g 
th

e 
sh

or
t a

xi
s 

vi
ew

 o
f 

le
ft

 
ve

nt
ri

cl
e

– 
R

ot
at

e 
th

e 
pr

ob
e 

to
 th

e 
ri

gh
t

– 
�R

ig
ht

 v
en

tr
ic

le
 c

ro
ss

 s
ec

tio
n 

w
ith

 a
n 

in
te

rv
en

tr
ic

ul
ar

 
se

pt
um

 a
nd

 r
ig

ht
 v

en
tr

ic
le

 
fr

ee
 w

al
l

34  Transoesophageal Echocardiography



592

T
ra

ng
as

tr
ic

 R
V

 
in

flo
w

 v
ie

w
– 

�Fr
om

 tr
an

sg
as

tr
ic

 R
V

 s
ho

rt
 

ax
is

 v
ie

w
 a

dj
us

t t
he

 o
m

ip
la

ne
 

an
gl

e 
to

 9
0°

– 
�T

ri
cu

sp
id

 v
al

ve
 (

po
st

er
io

r 
an

d 
an

te
ri

or
 le

afl
et

)
– 

�R
ig

ht
 v

en
tr

ic
le

 p
os

te
ri

or
 a

nd
 

an
te

ri
or

 w
al

ls

T
ra

ns
ga

st
ri

c 
R

V
 

ou
tfl

ow
 v

ie
w

– 
�Fr

om
 tr

an
sg

as
tr

ic
 R

V
 s

ho
rt

 
ax

is
 v

ie
w

 a
dj

us
t t

he
 o

m
ip

la
ne

 
an

gl
e 

to
 4

0°

– 
Pu

lm
on

ar
y 

va
lv

e
– 

ri
gh

t v
en

tr
ic

le
 o

ut
flo

w
 tr

ac
t

Ta
b

le
 3

4
.1

 
(c

on
tin

ue
d)

V
ie

w
G

ra
ph

ic
 r

ep
re

se
nt

at
io

n 
an

d 
T

E
E

 v
ie

w
a

Pr
ob

e 
m

an
ip

ul
at

io
n

A
na

ly
ze

d 
st

ru
ct

ur
es

M. Gurzun and S. I. Dumitrescu



593

D
ee

p 
tr

an
sg

as
tr

ic
 

vi
ew

– 
�A

dv
an

ce
 th

e 
pr

ob
e 

in
to

 
st

om
ac

h 
at

 0
° 

un
til

 le
ft

 
ve

nt
ri

cl
e 

ap
ex

 is
 s

ee
n

– 
�E

xc
es

si
ve

 a
nt

efl
ex

io
n 

th
e 

pr
ob

e

– 
L

ef
t v

en
tr

ic
le

– 
R

ig
ht

 v
en

tr
ic

le
– 

A
or

tic
 v

al
ve

– 
L

ef
t v

en
tr

ic
le

 o
ut

flo
w

 tr
ac

t
– 

M
itr

al
 v

al
ve

a W
ith

 c
ou

rt
es

y 
of

 H
ea

rt
w

or
ks

 (
L

if
es

im
, R

om
an

ia
)

34  Transoesophageal Echocardiography



594

34.4	 �Right Ventricle Size  
by Transesophageal 
Echocardiography

Right ventricle size and function is most commonly 
performed by transthoracic echocardiography but 
there are some clinical situations when transesopha-
geal echocardiography may be used (poor image 
quality, limited transductor access to the chest, peri-
operative settings). However, the right ventricle is 
situated in the far field and the image resolution 
may be not appropriate for accurate assessment in 
some circumstances. The current guideline regard-
ing the performing of transesophageal echocardio-
graphic examination [14] underline the fact that to 
date there are no specific recommendation for val-
ues for right ventricle size and function TEE.

Therefore, transthoracic echocardiography is 
the standardized method for right ventricle size 
estimation [16] but it may by assessed off labeled 
by TEE.  The recommended view is a modified 
mid-esophageal four chamber view. For obtain-
ing the optimal view for right ventricle size esti-
mation it is recommended to pass through the left 
ventricle apex and to use de multiplane for maxi-
mize the tricuspid annulus diameter, generally 
towards 10–20° [17]. Due to the crescent shape 
of right ventricle the obtained values are depen-
dent on probe rotation and the inter and interob-
server variability is high. Therefore, it is very 
important to use the multiplane for obtaining the 
biggest value of the tricuspid annulus and to per-
form the measurements in this view. The mea-
sured diameters are basal and mid right ventricle 
diameters and base to apex length (Fig. 34.2) and 

the values may be extrapolated from the current 
transthoracic recommendations [16]. The normal 
range for right ventricle basal diameter is consid-
ered 25–41 mm, for right ventricle mid-diameter 
19–35  mm and for right ventricle longitudinal 
diameter 59–83 mm.

Although there is no recommendation regard-
ing the estimation of right ventricle outflow tract 
diameter by transesophageal echocardiography, 
these diameters may be measured similar to 
transthoracic echocardiography in aortic valve 
short axis view and the values may be extrapo-
lated from transthoracic echocardiography. The 
normal range for proximal right ventricle outflow 
tract is 21–35 mm and for distal right ventricle 
outflow tract is 17–27 mm [16].

The right ventricle end-systolic and end-
diastolic right ventricle areas may be calculated 
by manual tracing of endocardial border in modi-
fied four chamber view (Fig. 34.2). There are no 
specific values for measurement of right ventricle 
areas by transesophageal echocardiography. The 
normal range by transthoracic echocardiography 
for diastolic area are 10–24  cm2 for men and 
8–20  cm2 for women and for systolic area are 
3–15 cm2 for men and 3–11 cm2 for women.

The right ventricle volume can be estimated 
by three-dimensional echocardiography, over-
coming the limitations of conventional bi-
dimensional views. Although technically difficult 
method, several studies have demonstrated that 
3D transesophageal right ventricle volumes 
(Fig.  34.2) assessment is feasible and valuable 
[18–20]. The normal values have been reported 
for transthoracic echocardiography [21].

a b c

Fig. 34.2  Right ventricle size assessment by TEE: basal and mid diameter measurement in four chamber view, dia-
stolic frame (a), end-diastolic right ventricle area (b) and right ventricle end-diastolic volume by 3D (c)
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Often, in every day clinical practice, right ven-
tricle size is visually assessed comparing to left 
ventricle dimensions (Fig.  34.3) and is consid-
ered normal if it is less than two thirds of left ven-
tricle [14].

Although there are no data regarding the mea-
surement of right ventricle free wall by TEE, we 
can have extended the knowledge from TTE and 
measure the right ventricle free wall thickness in 
short axis view, at the level of great vessel. The 
normal value is considered by TTE less than 
5 mm (Fig. 34.3). The measurement can be per-
formed either by M mode or 2D TEE, at end-
diastole, below the tricuspid annulus at a distance 
equal to anterior tricuspid leaflet and zoom imag-
ing is preferred. Papillary muscle and trabeculae 
should be excluded [16].

34.5	 �Right Ventricle Function  
by Transesophageal 
Echocardiography

The estimation of right ventricle function by TEE 
generally is done by visual assessment (eye ball-
ing). However, the TTE parameters described for 
right ventricle function estimation may be used 
with specific conditions for TEE evaluation too 
(Table 34.2). For example, the right ventricle area 
change calculated in four chamber view proved 
to correlate with de right ventricle ejection frac-
tion calculated by 3D echocardiography [22].

With the development of tridimensional echo-
cardiography and specific software for right ven-
tricle assessment, 3D TEE proved to be a feasible 
and useful tool for estimation of right ventricle 

a b

c d

Fig. 34.3  Right ventricle infarction- to note right ventri-
cle dilatation in inflow-outflow view (a) and transgastric 
short axis view focus on right ventricle (b). Regional wall 
motion abnormalities are also present with dyskinesia of 
mid part of the lateral wall (a,*). Right ventricle mid 

obstruction—to note hypertrophy of lateral right ventricle 
wall in inflow-outflow view (c, *), and the turbulent flow 
at this level (d) (TV tricuspid valve, RV right ventricle, PV 
pulmonary valve, RVOT right ventricle outflow tract, LV 
left ventricle)
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function, especially in perioperative settings [18] 
(Fig. 34.4). Fusini et al. proved a feasibility of 3D 
TEE analysis of RV was 98.7% for preoperative 
and 92.7% for postoperative TEE data set in 
patients with normal and dilated RV [23].

The cardiac index can be evaluated by VTI 
measurement: the Doppler cursor is positioned 
just below the pulmonary valve in transgastric 
outflow view. A value less than 12  cm has a 
sensibility of 85.7% and a specificity of 70.8% 

for low right heart cardiac output (less than 
2.2 L/min) [24].

The regional function of right ventricle is gen-
erally visually estimated (Fig.  34.3). The seg-
mentation used for right ventricle is the following: 
septum, anterior, inferior and lateral wall (also 
known as right ventricle free wall). Every wall 
has three segments- basal, mid and apical seg-
ment and their function is appreciated as normal, 
hypokinesia, akinesia or dyskinesia.

Table 34.2  Right ventricle function assessment by TEE [3, 16]

Parameter Definition Recommended view
Cut off value for 
abnormality

Global function

PW myocardial 
performance index 
or Tei index

The ratio between isovolumic 
relaxation time and isovolumic 
contraction time and ejection time 
calculated by PW Doppler

PW sample volume is placed at the 
level of tricuspid valve in four 
chamber view and just below the 
pulmonic valve in transgastric right 
ventricle outflow view

0.54

DTI myocardial 
performance index 
or Tei index

The ratio between isovolumic 
relaxation time and isovolumic 
contraction time and ejection time 
calculated by DTI Doppler

DTI sample volume placed lateral to 
tricuspid annulus in deep 
transgastric view or mid-esophageal 
inflow-outflow view

0.43

Right ventricle dp/
dt

The rate of pressure rise in right 
ventricle

CW through tricuspid valve (best jet 
aligned view)

400 mmHg/s

Fractional area 
change

The percentage of difference 
between end-diastolic and 
end-systolic area to the end-
diastolic area

35%

Ejection fraction The percentage of difference 
between end-diastolic and 
end-systolic volume to the 
end-diastolic volume calculated by 
3D TEE

45%

Longitudinal function

TAPSE (Tricuspid 
Annulus Plane 
Systolic Excursion)

Systolic excursion of the lateral 
tricuspid annulus

M mode along lateral tricuspid 
annulus in deep transgastric view or 
mid-esophageal inflow-outflow view

17 mm

Systolic velocity of 
right ventricle free 
wall

Doppler tissue imaging of the right 
ventricle inflow velocities

DTI sample volume placed lateral to 
tricuspid annulus in deep 
transgastric view or mid-esophageal 
inflow-outflow view

9.5 cm/s

Global longitudinal 
strain

Global strain calculated by speckle 
tracking: Longitudinal deformation 
during cardiac cycle

Four chamber view 25% [28]

Regional function

Peak regional 
strain and strain 
rate

Deformation imaging of the six 
segments of right ventricle

Four chamber view
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34.6	 �Importance 
of Transesophageal 
Echocardiography in Right 
Ventricle Assessment 
and Managing

As previously mentioned, TEE in not routinely 
used for the evaluation of right ventricle in every 
day clinical practice but this imaging tool is 
essential in some clinical scenarios. Its impor-
tance is evident especially when the others imag-
ing modalities (TTE, cardiac MRI) are difficult to 
be used. Although it is a semi-invasive diagnostic 
method, TEE is cheap, moderately available and 
easily performed in perioperative settings or crit-
ically ill patients.

Given the importance of the right heart in peri-
operative morbidity and mortality, TEE is used 
for diagnostic purposes as well as for patient 
monitoring during cardiac or non-cardiac surgery 
[25]. Right ventricle dysfunction is a usual con-
cern after cardiac surgery, and there are several 
possible causes: inadequate myocardial protec-
tion, increases in pulmonary vascular resistance, 
coronary air embolism, acute ischemia or acute 
valvular dysfunction [26].

It is also beneficial for evaluation and moni-
toring the patient in the intensive care unit. The 
presence of right ventricle infarction, pulmonary 
embolus, loculated pericardial effusion, extracar-
diac pathology such as masses may be revealed 
during TEE right ventricle evaluation in critically 
ill patient. Sometimes can be used for guidance 
of catheter placement, being an adjunctive 
method to conventional pressure waveform 
placement of pulmonary artery catheter place-
ment [27].

TEE remains mandatory during the cardiac 
interventional procedures, and the right heart 
function and hemodynamic conditions can be 
analyzed during DSA closure, TAVI, Mitral Clip 
procedures. Another application of TEE is the 
guidance for implantation or the evaluation of 
cardiovascular implantable electronic devices, 
like device infection [28].

�Conclusions

Although considered to have limited value in 
the evaluation of right heart cavities, TEE has 
its specific role in some specific clinical situa-
tions for diagnosis and monitoring purposes 
as well.

a b c d

Fig. 34.4  Patient with interatrial septum defect visible in 
short axis view at the level of the great vessel, focus on 
interatrial septum (a) and moderate tricuspid regurgitation 

(b). To note de right ventricle dilatation based on basal 
diameter measure din four chamber view (c) and decreased 
systolic function based on low TAPSE value (d)
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Computed Tomography

Harold Goerne and Prabhakar Rajiah

Abstract

Computed Tomography (CT) plays an impor-
tant role in the evaluation of diseases of the 
right heart, both congenital and acquired. 
Advantages of CT include its wide availabil-
ity, rapid turnaround time, good spatial and 
temporal resolutions, multi-planar reconstruc-
tion capabilities and wide field-of-view. 
Disadvantages of CT include the use of poten-
tially nephrotoxic contrast media and ionizing 
radiation. In this chapter, we review the com-
prehensive role of CT in the evaluation of 
right heart, including techniques, protocols 
and pathologies.

Keywords

CT · Heart · Right heart · ARVD · Congenital  
Tumor · Cardiomyopathy · Infarction

35.1	 �Introduction

The right heart can be evaluated by multiple 
imaging modalities, including radiography, echo-
cardiography, magnetic resonance imaging 
(MRI), nuclear medicine and conventional inva-
sive angiography. Computed tomography (CT) 
technology has progressed exponentially in the 
last couple of decades and is playing an increas-
ingly important role in the evaluation of right 
heart diseases, both congenital and acquired. CT 
provides information both on the morphology 
and function of the right heart, with high image 
quality and low radiation dose.

In this chapter, we review the comprehensive 
role of CT in the evaluation of right heart, includ-
ing techniques, protocols and pathologies.

35.2	 �Advantages 
and Disadvantages

A major advantage of CT is that it is widely avail-
able in many centers throughout the world and it 
has a rapid turnaround time. CT can be performed 
in all patients, including those who are severely 
ill and hemodynamically unstable. CT has good 
spatial resolution with isotropic reconstruction 
possible in multiple planes. With injection of 
intravenous contrast, there is high contrast 
between blood pool and myocardium. ECG-
gated CT also has good temporal resolution for 
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evaluation of rapidly moving structures including 
the coronary arteries. The wide field-of-view 
allows evaluation of not only the heart but also 
extracardiac and other abnormalities. If an opti-
mal heart rate is maintained, it is an excellent 
technique to exclude coronary stenosis, with a 
very high negative predictive value and sensitiv-
ity [1]. CT is however associated with the use of 
ionizing radiation, which has a theoretical risk of 
complications such as carcinogenesis. However, 
it should be noted that the data on the develop-
ment of cancer from low-dose radiation is derived 
from atomic bomb survivors and there is no con-
clusive evidence on the causation [2]. In addi-
tion, latest scanners allow performance of CT at 
very low radiation doses. CT also uses iodinated 
contrast media, which are potentially nephro-
toxic, particularly in patients with severe renal 
dysfunction. Allergic reactions ranging from 
minor to anaphylactic shock may be seen, but 
this can be minimized by premedication with ste-
roids and antihistaminics [3].

35.3	 �CT Technology

CT technology has significantly improved in the 
last decade, now enabling rapid acquisition of 
data at low doses of radiation and contrast. CT 
scanners have an X-ray tube that rotates around 
the patient and a detector ring that captures the 
data after the X-ray beams pass through and 
attenuated by the patient. The current CT scan-
ners are multi-detector scanners (MDCT), with 
multiple detectors capturing data from the single 
X-ray tube. Currently wide-array/volume scan-
ners are available with up to 320 detector-rows, 
enabling craniocaudal (z) coverage of up to 
16 cm in one tube rotation. This results in shorter 
acquisition times enabling shorter breath hold 
and less motion artifact. This also results into less 
contrast medium needed to opacify the cardiac 
chambers and lower radiation dose to the patient 
[4]. For performing a good quality cardiac CT 
scan, atleast 64 detectors are required [4]. The 
detector size is as small as 0.24 mm in some of 
the newer scanners, which significantly improves 
the spatial resolution, enabling visualization of 
small structures. In order to obtain diagnostic 

images without motion and to perform measure-
ments accurately, CT scanners with a rotational 
speed that allow a sufficient temporal resolution 
to obtain motion-free images of the heart are 
required. The gantry rotation times are progres-
sively improving, which not only allows shorter 
scan times, but also higher temporal resolutions, 
now as high as 66 ms in some scanners [5, 6].

Dual-source scanners have two X-ray tubes at 
90° to each other, which when operated in the 
same tube current have high temporal resolution. 
High-pitch helical mode is a recently introduced 
CT technology that has value in cardiovascular 
imaging. The pitch represents the ratio of the 
table movement to the rotation of the gantry [7]. 
A pitch of one indicates that there is neither over-
lap or gap between the slices. With pitch <1, 
there is oversampling of information due to 
slower table movement with gantry rotation, 
which is required for evaluating cardiac struc-
tures. A pitch >1 indicates that the table move-
ment is faster than the gantry rotation, resulting 
in gaps between the slices and is typically avoided 
in cardiac imaging. However, with the availabil-
ity of high-pitch helical mode in the latest gener-
ation dual source scanners, it is possible to get 
high-quality cardiac scans at high pitch (up to 
3.4), since the gaps in data are filled by data from 
the second X-ray beam. The high pitch allows 
rapid acquisition, resulting in lower motion, radi-
ation and contrast doses [8].

Another development has been dual-energy/
multi-energy/spectral CT technology, which 
allows additional material characterization, cur-
rently not possible with a conventional CT scan-
ner. Since many elements have similar density 
although their elemental composition is differ-
ent, they appear similar in conventional CT with 
similar Hounsfield units [9]. With dual-energy 
CT, data is obtained at two energy levels and 
since elements with different tissue composition 
react differently at different levels of energy, the 
materials can be distinguished. There are several 
technologies to obtain dual energy CT. The most 
commonly used in the dual source CT, in which 
two X-ray tubes are operated at two different 
energy levels. In rapid kVp-switching 
technology, there is only one X-ray tube, but the 
tube voltage is changed rapidly for each X-ray 
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projection between a high and low energy. With 
dual-spin technology using a volume scanner, 
the patient is scanned twice, consecutively at 
two different energy levels. In the split-beam 
technology, the X-ray beam is divided into two 
energy levels by using dedicated filters. With 
dual-layer CT, there is a single X-ray tube but 
there are two layers of detectors which separate 
high and low energy photons. Photon counting 
CT allows separation of multiple energy levels 
by using semi-conductor detectors [9]. With dual 
energy CT, multiple additional images are 
obtained including- iodine map (which shows 
only iodine); virtual non contrast (images with-
out iodine, which mimick a true non-contrast 
acquisition); effective atomic number-based 
(color coding based on the atomic number) and 
virtual monoenergetic images (mimic a true 
monoenergetic image). Iodine maps are used in 
evaluating organ perfusion. VNC can save radia-
tion dose by eliminating the need for true non 
contrast in multi-phasic studies and also helps in 
lesion characterization. Effective atomic number 
images also help in lesion characterization. VMI 
at low energies are useful in enhancing the con-
trast, which helps in salvaging suboptimal stud-
ies as well as allow the use of low dose of 
intravenous contrast. VMI at high energies are 
useful in decreasing several artifacts [10].

35.4	 �CT Technique for the Right 
Heart

Several parameters can be optimized for obtain-
ing a good quality CT of the right heart, including 
the scanning mode, tube current & voltage, pitch, 
slice thickness, contrast bolus and timing and use 
of medications. For adults, the CT scan does not 
need anesthesia or sedation, but in children gen-
eral anesthesia/sedation may be required if high 
quality images of the heart are required, espe-
cially for the coronary arteries. Premedication is 
required when motion-free images of the heart 
are required, particularly for assessment of the 
coronary arteries. Beta blockers, either oral (50–
100 mg, 1 h prior to study) or intravenous (5 mg 
every 5 min, maximum 25 mg) are administered 
in patients with high heart rates. Please note that 

the ideal heart rate varies from scanner to scanner 
depending on its temporal resolution. For ade-
quate visualization and evaluation of coronary 
arteries lumen, nitroglycerin 0.4–0.8 mg sublin-
gual is used. In most cases where coronary arter-
ies are not a concern, it is not necessary to 
administer these medications.

CT angiography is performed by intrave-
nously injecting iodinated contrast, with the 
largest possible cannula to obtain a high flow 
rate. Low or iso-osmolar contrast media are used 
to minimize adverse reactions, with high con-
centrations of iodine (350 or 370 mg Iodine/mL) 
used for optimal opacification. For most studies, 
a biphasic injection protocol is used, with an ini-
tial bolus of contrast followed by saline injection 
at the same flow rate to wash out the contrast and 
reduce streak artifacts. Contrast volume varies 
from 20–150 mL (typically 1 mL/kg) depending 
on the clinical indication and body habitus. For 
children, 1–2 mL/kg of body weight of contrast 
is used. For visualization of the right ventricle, a 
triphasic injection protocol is preferred, where 
the initial contrast phase at high flow rate 
(5–7  mL/s) is followed by either a mixture of 
contrast/saline at same flow rate (50:50 or 60:40) 
or slow injection of contrast (2–3  mL/s) and 
finally a pure saline bolus. A split bolus protocol 
can be used in complex cases, with the first phase 
of slow contrast injection followed by a pause of 
30–60 s, after which contrast is injected at high 
flow rate followed by saline. To achieve homo-
geneous opacification, a power injector is used, 
with flow rates up to 5–7  mL/s in adults with 
power ranging from 50 to 300  psi [11–13]. To 
time the contrast, a region of interest (ROI) is 
placed over the vessel of interest after contrat 
injection and when the attenuation in that vessel 
crosses a pre-set threshold (typically 100 HU 
above baseline), the scan is started. Iodinated 
contrast should not be administered in patients 
with acute/chronic severel renal dysfunction 
(GFR < 30 mL/min) or with previous major con-
trast reaction. In renal failure, contrast dose 
should be reduced and hydration may be used. 
Patients with contrast allergies should be pre-
medicated for at least 24  h before the study. 
Metformin should be stopped for 48 h prior to 
contrast to avoid lactic acidosis [3].
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Depending on the indication, the scan can be 
performed with or without ECG gating. For most 
of the structures, such as pulmonary arteries, 
scanning can be performed without ECG gating. 
ECG gating is required for high resolution 
motion-free images of the heart and coronary 
arteries. High-pitch helical mode (FLASH) with 
the dual-source scanner is another option, which 
allows motion free images at low contrast and 
radiation dose without ECG gating.

35.5	 �CT Protocols for the Right 
Heart

Depending on the clinical indication, dedicated 
and standardized protocols can be established to 
ensure data acquisition at peak enhancement 
without missing the contrast bolus. The follow-
ing are some examples of standard protocols for 
the right heart.

	(a)	 Pulmonary embolism and pulmonary hyper-
tension: This is a commonly used protocol for 
the evaluation of pulmonary arteries. The entire 
chest is scanned after contrast injection, with 
bolus tracking on the main pulmonary artery. 
Images are reconstructed with a pitch <1. ECG 
gating or FLASH made minimizes motion arti-
facts. Dual-energy iodine maps helps in evalu-
ating perfusión defects seen in pulmonary 
embolism pulmonary hypertension.

	(b)	 Congenital heart disease and masses: If ana-
tomical evaluation of these pathologies is 
desired, a prospective ECG-triggered mode 
can be used. A triphasic contrast injection 
protocol is used to visualize both the right 
and left heart. Scan coverage depends on the 
type of congenital heart disease and location 
of the mass.

	(c)	 Cardiomyopathies: This protocol is similar 
to the above, with triphasic contrast injection 
protocol. Coverage is limited to the heart. 
Prospective ECG triggering is utilized for 
evlauation of morphology, but retrospective 
ECG gating is used if dynamic information 
or quantification is required. A delayed 
enhancement phase can be obtained to evalu-
ate for scar/fibrosis

	(d)	 Retrospective ECG gating: Retrospective 
ECG gating is utilized when there is a need 
for data from all the phases of cardiac cycle. 
This is useful in quantification of ventrcular 
function/volumes, especially in congenital 
heart disease and cardiomyopathies in 
patients who cannot have MRI. Wall motion 
and thickening can also be evaluated. It is 
also used in dynamic evaluation of masses as 
well as native and prosthetic valves.

	(e)	 Trauma protocol: In patients with suspected 
chest trauma, an arterial and venous phase 
(1–2 min delay) are obtained. Venous phase 
is useful for evaluation of venous leaks and 
contrast extravasation. This does not require 
ECG gating. Improved quality may be 
obtained with high-pitch helical mode. This 
protocol can also be used for evaluation of 
venous obstruction, vasculitis and infection.

	(f)	 Clot protocol: This protocol is used for eval-
uation of cardiovascular clots. Similar to a 
trauma protocol, this also has an arterial and 
venous phase. A common differential diag-
nosis for clot is slow-flow. While a clot is 
seen in both arterial and delayed phases, 
slow flow is seen only in the arterial phase. 
Another option for this protocol is to use the 
abovementioned split-bolus protocol. With 
dual-energy CT, quantification of iodine may 
help in distinguishing clot from slow flow.

	(g)	 Coronary artery protocol: This protocol 
involves scanning the heart from the carina to 
the ápex, after biphasic contrast injection. 
Prospective ECG triggering is the default 
mode for eliminating cardiac motion at a low 
radiation dose. This requires a low heart rate, 
typically <60  bpm (dependent on the scan-
ner). Nitroglycerine is also administered to 
dilate the coronary arteries. If the heart rate is 
high or irregular, retrospective ECG gating is 
used, which has higher radiation dose.

	(h)	 Triple rule-out protocol: This protocol is 
used to evaluate coronary artery disease, 
pulmonary embolism and aortic dissection in 
patients with acute chest pain [10]. A tripha-
sic injection of contrast is used to opacify all 
these structures in a single ECG-gated scan.

	(i)	 Myocardial perfusión protocol: This proto-
col is used to evaluate for myocardial  

H. Goerne and P. Rajiah



605

ischemia and is performed with contrast 
administration before and after stress with 
pharmacological agents (adenosine, dipyri-
damole or regadenoson). This can be per-
formed either in a static mode or a dynamic 
mode with multiple acquisitions at the same 
location. An additonal delayed enhancement 
phase can be added for looking at scar.

35.6	 �Image Reconstruction 
and Post Processing

Following data acquisition, CT images are recon-
structed, post-processed and viewed in several 
different ways.

•	 Axial source images- For visualization of the 
heart, the CT images are obtained in the axial 
plane, usually at 0.5–0.75 mm, with 0.5 mm 
overlap. Thicker reconstructions are used in 
the evaluation of lungs as well as pulmonary 
embolism, typically 1 × 1 mm. While thinner 
slices provide higher isotropic spatial resolu-
tion which allows generation of multiplanar 
reconstructions, they are associated with 
higher noise. Thicker slices have lower noise 
but also lower spatial resolution, which how-
ever is adequate for the evaluation of lungs 
and other non-cardiovascular structures. 
Spatial resolution can also be improved by 
using a small field-of-view or high resolution 
filters.

•	 Multi-planar reconstructions- From the sub-
millimeter isotropic voxels, 2d images can be 
reconstructed in sagittal and coronal plane, at 
any thickness. These can also be reconstruc-
tion in any plane, including cardiac planes 
such as 2-chamber, 3-chamber, 4-chamber and 
short axis planes.

•	 Curved multiplanar reconstructions- Curved 
multiplanar reconstructions straighten or 
strech out vascular structures, including the 
coronary arteries, aorta and pulmonary artery 
and allows to follow the course of a vessel 
from beginning to end following a centerline 
in the vessel. This is very useful to evaluate 
the luman as well as wall of the vessel, par-
ticularly in the evaluation of stenosis since it 

also provides transverse planes throughout the 
vessel.

•	 Double oblique reconstruction- A double 
oblique image is reconstructed from two 
orthogonal views. These views are also useful 
for accurate and reproducible measurements 
of vascular structures.

•	 Maximal Intensity Projection- Maximal 
Intensity Projection (MIP) display high-den-
sity voxels in a single plane, at a pre-deter-
mined thickness. This is useful for evaluation 
of small vessels and high attenuation struc-
tures such as contrast, calcification and grafts. 
MIP is useful for visualizing the course of 
vessels, but not for evaluating stenosis, as 
these can be underestimated in the case of 
non-calcified plaques or overestimated in 
case of calcified plaques. It is also extremely 
useful for screening of small pulmonary 
nodules

•	 3d reconstructions- 3d renderings of vascular 
structures can be derived by using either 
volumen-rendering or shaded-surface display. 
These reconstructions are valuable in provid-
ing a roadmap for surgeries and interventions, 
particularly in congenital heart disease.

•	 Endoscopic view- These images mimic the 
appearance of the heart as if it is looked from 
inside [14].

•	 Cine images- In studies obtained with retro-
spective ECG gating, it is possible to performe 
cine images of the heart using the multiple 
acquired phases. This can be used for evaluat-
ing the morphology as well as the global and 
regional wall motion, thickening, valve 
motion, and contrast flows through shunts. 
Using multi-phasic studies, quantifaction is 
performed for several factors including 
end-diastolic volumen, end-systolic volumen, 
stroke volumen, cardiac output, ejection frac-
tion and mass.

35.7	 �Radiation Dose Reduction 
Strategies

High quality images can be obtained in CT by 
using the least posible radiation dose taking 
advantages of several radiation dose reduction 
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strategies. An important principle in radiology is 
ALARA (“as low as reasonably achievable”), 
which means that whenever radiation is used, it 
should be kept to the least possible to answer the 
clinical question. CT should be performed only 
when there is a clear clinical indication that has 
been evaluated using appropriateness criteria and 
the benefits outweigh the risk. The scan coverage 
should include only the area of interest and the 
examination should be protocolled to answer the 
clinical question. Non-ECG gated techniques are 
associated with lower radiation doses. Except in 
cases which absolutely require ECG gating, non-
ECG gated techniques can be employed for other 
indications such as acute or chronic pulmonary 
embolism. If ECG gating is required, prospective 
ECG triggering is the default mode, particularly 
when only the morphology is evaluated, including 
that of coronary arteries. For evaluation of cardiac 
function, retrospective ECG gating is required, 
which is associated with higher radiation dose. 
This can be minimized by using ECG-based tube 
current modulation, in which a peak tube current 
is applied in a specific part of the cardiac cycle, 
whereas in other phases of the cardiac cycle, the 
tube is reduced to 30% of the máximum, which 
saves radiation dosess up to 50% [15].

The least possible tube current is used for the 
study, based on the body habitus. In addition, the 
tube current is also modulated based on the anat-
omy, with higher tube current delivered to larger 
body parts. The tube voltage is also kept to be the 
least possible, based on the body size. 120 kVp 
can be reserved for larger patients, with 100 kVp 
being the default in majority of the smaller 
patients (BMI < 30). 80 kVp or lower can be used 
in children. Obese patients may require 140 kVp. 
The tube current and voltage can be now auto-
matically selected by the scanner based on the 
body size in topogram. Noise used be a limitation 
of low-radiation dose techniques. However, the 
use of advanced iterative reconstruction algo-
rithms results in lower noise than the traditional 
filtered back projection, which allows the use of 
robust low radiation dose protocols [16]. The use 
of high-pitch helical mode of the latest genera-
tion of dual-source scanner also allows the use of 
low radiation and contrast doses [4, 17].

35.8	 �CT Anatomy

CT provides detailed and precise anatomical 
evaluation of the right heart. The right ventricle 
has a complex and irregular anatomy. Its inlet 
tract receives deoxygenated blood from the right 
atrium through the tricuspid valve. The RV body 
has multiple trabeculations and three papillary 
muscles (anterior, posterior and septal). The 
moderator band or septomarginal trabecula is a 
muscular band that crosses the cavity in its apical 
region, serves as a conduit of the nerve fibers that 
innervate the RV free wall. The crista supraven-
tricularis separates the trabecular portion of the 
ventricle from the ventricular outflow tract or 
conus, a tubular structure with smooth walls and 
directs the blood from the RV into the main pul-
monary artery. The most important anatomical 
characteristic that defines the right ventricle is the 
lack of fibrous continuity between the tricuspid 
valve and the semilunar valve [18] (pulmonary in 
a normal heart, aortic valve in transposition of 
great vessels). Moderator band, apical displace-
ment of the atrioventricular valve and prominent 
trabeculations are also supportive features.

The right atrium (RA) has a triangular auricle 
(atrial appendage)  with a broad base. The RA 
receives the deoxygenated blood through the supe-
rior and inferior vena cava and the coronary sinus. 
It has a muscular ridge, the crista terminalis in its 
posterior wall that is a muscular ridge, that divides 
the atrium into a more trabecular anterolateral por-
tion with pectineus muscles and a smooth poste-
rior wall. This structure may become very 
prominent and simulate a thrombus or tumor [19]. 
A thin interatrial septum divides the right from left 
atrium. Deposits of fat in the septum secundum 
can result in lipomatous hypertrophy of the atrial 
septum, which spares the fossa ovalis [20]. 
Persistent Eustachian valve is an anatomical vari-
ant located between the junction of the inferior 
vena cava and the right atrium, representing rem-
nant of this valve whose function during fetal life 
is to redirect the oxygenated blood from the infe-
rior vena cava into the foramen ovale [21]. This 
may be confused with Cor triatriatum dexter [22]. 
Thebesian valve is a thin structure that prevents 
retrograde blood flow into the coronary sinus. The 
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tricuspid valve divides right atrium and right ven-
tricle, it has three valves (septal, anterior and pos-
terior), which are visible in tomography only if it 
has an adequate contrast medium opacification.

35.9	 �Pathologies

CT is useful in the evaluation of several right 
heart disorders. In the following section, the 
common entities will be discussed briefly.

35.9.1	 �Pulmonary Embolism

CT pulmonary angiography (CTPA) timed to 
visualize the pulmonry arteries is now the 

standard of care in the evaluation of pulmonary 
embolism. In acute pulmonary embolism, par-
tial or complete intraluminal filling defects are 
seen in the pulmonary arteries (Fig. 35.1a), form-
ing an acute angle with the vessel wall [23–25]. 
The vessel is typically expanded. In iodine maps 
of dual energy CT, wedge shaped perfusión 
defects are seen in occlusive emboli (Fig. 35.1b), 
which can be useful in detecting small emboli 
and has prognostic value. CT also provides addi-
tional prognostic information for right heart 
strain, with dilated RV, flattening of interventric-
ular septum and reflux of contras tinto IVC and 
hepatic veins [24, 25]. In chronic pulmonary 
embolism, a peripheral filling defect which 
makes an obtuse angle or linear irregularities or 
webs or calcifications are seen (Fig.  35.2a). 

a

b

Fig. 35.1  Acute pulmonary embolism. (a) Coronal CTA 
image shows a filling defect in right lower lobe segmental 
branches (arrow), which is consistent with an acute occlu-
sive pulmonary embolus. (b) Axial dual-energy iodine 
map in the same patient shows a wedge shaped perfusion 
defect in the right lower lobe (arrow)

a

b

Fig. 35.2  Chronic pulmonary embolism. (a) Axial CTA 
image shows an eccentric filling defect with calcification 
in the right pulmonary artery (arrow), consistent with a 
chronic pulmonary embolus. The central pulmonary arter-
ies are dilated due to pulmonary hypertension. (b) Coronal 
dual-energy lung perfusion map in the same patient shows 
multiple filling defects in bilateral lungs (arrows), caused 
by the chronic thromboembolism
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Occlusion and tapering of vessel may also be 
seen. Dual energy CT shows perfusión defects, 
either in a mottled, mosaic or wedge pattern 
(Fig.  35.2b). Non-thrombotic causes of pulmo-
nary embolism include catheter, fat, air, amniotic 
fluid, cement, talc, mercury, iodinated oil and 
cotton [26].

35.9.2	 �Pulmonary Hypertension

Pulmonary hypertension is defined as elevated 
mean pulmonary arterial pressure of greater 
than 25 mmHg. On CT, there is dilation of the 
central pulmonary arteries (Fig. 35.3a), with the 
main pulmonary measuring >29.5  mm and 
larger than diameter of the ascending aorta, with 
dilated segmental arteries. Other features 
include- Calcification of pulmonary artery; 
dilated RV (RV/LV ratio > 1); systolic flattening 
of ventricular septum (Fig.  35.3c); reflux of 
contrast into hepatic veins and IVC.  The RV 
function and volumes can be quantified if a ret-
rospective ECG gated acquisition is done. CT 
can also provide clues as to the etiology of PH, 
with the peripheral arteries pruned in arterial 
PH, while they are splayed in COPD. The pul-
monary veins are small in the pre-capillary type, 
while they are large in post-capillary type of 
PH.  Lung windows show underlying lung 
abnormalities including interstitial lung disease, 
whereas cardiac CT can show cardiac patholo-
gies Septal lines and centrilobular ground glass 
nodules indicate venoocclusive disease, whereas 
only centrilobular ground glass nodules are seen 
in pulmonary capillary hemangiomatosis or 
colesterol granulomas.. Vacular signs of chronic 
PE are seen in CTEPH.  Congenital abnor-
malites, includng shunts can be visualized [27]. 
Perfusion defects of different types are seen in 
PH with the dual energy CT scanners [28].

35.9.3	 �Congenital Heart Disease

CT is used in the evaluation of congenital heart 
disease, when the patient has contraindication to 
MRI or when MRI is associated with significant 

artifacts. CT can provide information on 
morphology, function, quantification and pre-
surgical/interventional evaluation. Cardiac 
shunts, of the left-to-right type are associated 
with dilation of the right ventricle. Atrial septal 
defect can occur at the ostium secundum, ostium 
primum, sinus venosus or coronary sinus levels 
(Fig. 35.4a). Ventricular septal defect can occur 
either at the membranous, muscular, inlet or 
outlet levels. Patent ductus arteriosus is a  

a

b

Fig. 35.3  Pulmonary hypertension. (a) Axial CTA image 
demonstrates severe dilation of the main, right and left 
pulmonary arteries, consistent with pulmonary hyperten-
sion. (b) Sagittal contrast enhanced CT image in another 
patient shows flattening of the interventricular septum in 
systole, also a feature of pulmonary hypertension
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communication between pulmonary artery and 
aorta at the level of ligamentum arteriosum and 
AP window is seen proximally. Tetralogy of 
Fallot is characterized by RV hypertrophy, RV 
obstruction, overriding aorta and VSD.  After 
definitive treatment, it presents with RV dila-
tion, RV dysfunction, pulmonary regurgitation 
and RVOT aneurysm (Fig. 35.4b), with CT pro-
viding good information except for pulmonary 
reguritation quantification. Tranposition of great 
arteries are also evaluated by CT, with ventricu-
loarterial discordance seen, with L-TGA show-
ing additional atrioventricular discordance as 
well. Following surgeries for TGA such as arte-
rial or atrial switch, CT can be used for evaluat-
ing complications (Fig. 35.4c). Ebstein anomaly 
is a condition in which there is apical displace-
ment of the tricuspid valve by >8 mm/m2, which 
results in atrialization of a portion of the right 
ventricle which does not contract effectively, 
resulting in significant tricuspid regurgitation, 
RV dilation and systolic dysfunction. In tricus-
pid atresia, the RV is small. Single ventricle 
conditions usually bypass the RV, with the cre-
ation of a Glenn and Fontan shunts [11–13]. CT 
is also useful in the evaluation of patients being 
considered for interventions such as percutane-
ous pulmonary valve placement for patients 
with abnormal valves.

35.9.4	 �Cardiomyopathies

CT is used in the evaluation of cardiomyopa-
thies, when the patient has contraindications or 
artifacts associated with MRI or if echocardio-
gram is suboptimal. It is used for the evaluation 
of coronary arteries to exclude CAD as a cause 
of cardiomyopathy in these patients. It can pro-
vide functional and volumetric information, 
which is useful for diagnosis, managmeent and 
prognosis. Stress perfusión CT can be performed 
to evaluate for myocardial ischemia. Delayed 
iodine enhancement can show specific patterns 
of enhancement in different cardiomyopathies, 
although the contrast to noise ratio is lower than 
MRI [29]. Arrthythmogenic right ventricular 
dysplasia/cardiomyopathy (ARVD/C) is charac-
terized by fibrofatty replacement of the myocar-
dium (Fig. 35.5). Cine images show major wall 
motion abnormalities (aneurysm, akinesia, dys-
kinesia) along with either low ejection fraction 
(<40%) or dilated RV (EDV  >  110  mL/m2 in 
males, >100 mL/m2 in females). Non ischemic 
cardiomyopathy, just as idiopathic form or sar-
coidosis may manifest as linear or patchy mid 
myocardial or subepicardial enhancement. 
Amyloidosis shows myocardial thickening along 
with diffuse subendocardial/transmural enhance-
ment. Hypertrophic cardiomyopathy is 

a b c

Fig. 35.4  Congenital heart disease. (a) 4-chamber 
contrast-enhanced CT image shows a large ostium secun-
dum type of atrial septal defect (arrow), resulting in right 
atrial and ventricular dilation. (b) Short axis contrast 
enhanced CTA in a patient with repaired Tetralogy of 
Fallot shows aneurysmal dilation of the right ventricular 

outflow tract (arrow). (c) 4-chamber contrast-enhanced 
CT image in a patient with D-transposition of great arter-
ies, status post atrial switch procedure (Mustard) shows 
hypertrophied and dilated systemic ventricle (morpho-
logical right ventricle)
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characterized by asymmetric hypertrophy of the 
myocardium, and occasionally involves the 
RV.  Prominent trabeculations are seen in non-
compaction less commonly involving the RV 
and diagnosed when the trabeculations involve 
>75% of the RV myocardium [29]. Constrictive 
pericarditis is characterized by restriction of 
ventricular filling, which can be seen with cine 
CT. Pericardial thickening and calcification may 
also be seen [29]. In acute pericarditis, pericari-
dal thickening, contrast enhancement and effu-
sion are seen.

35.9.5	 �Masses

CT is used in the evaluation of cardiac masses 
when the patient has contraindications to MRI or 
claustrophobic or artifacts with MRI.  CT can 
characterize the location, shape, size and extent 
of lesión along with extensión to adjacent organs 
and involvement of coronary arteries. CT is also 
ideal to evaluate for calcifications and feeding 
arteries, but has limited tissue characterization 
capabilities. Benign tumors are more common on 
the left, whereas malignant lesions are more 
common on the right. Benign lesions are usually 
small, well-defined, confined to one compart-
ment without involvement of adjacent structures, 
do not have feeding artery and are not associated 
with pericardial effusion or metastasis. Malignant 
lesions are usually larger, ill-defined, have irreg-
ular margins, involve multiple compartments, 
extend to adjacent organs, may have a feeding 
artery and are associated with periardial effusion 
or metastasis. CT can distinguish normal variant 
structures from cardiac masses. Thrombus is the 
most common cardiac mass, which can be well 
evaluated with CT (Fig. 35.6a). Thrombus does 
not show significant iodine content in dual-
energy iodine maps. Lipomatous hypertrophy 
shows fatty involvement of the atrial septum with 
sparing of the fossa ovalis. Pericardial cyst is 
seen as a fluid containing lesión in the cardio-
phrenic angle. Caseous mitral annular calcifica-
tion is seen adjacent to the mitral valve. Benign 
primary neoplasms are more common than 
malignant primary lesions in the heart. Myxoma 
is the most common benign lesión originating 
commonly from the fossa ovalis and projecting 
into the left atrium. Lipoma, fibroma, hemangi-
oma and paraganglioma are the other common 
primary neoplasms in adults, whereas rhabdo-
myoma and fibroma (Fig.  35.6b), are the com-
mon primary benign neoplasms in children. 
Metastasis is the most common malignancy to 
involve the heart and can present as nodules (sin-
gle or multiple), diffuse infiltration or pericardial 
effusion. Tumors can also extend from adjacent 
structures such as lung and mediastinum directly 
or through lymphatics or vascular structures 
(renal, adrenal, liver) (Fig.  35.6c). Lymphoma 

a

b

Fig. 35.5  Cardiomyopathy. (a) Axial contrast enhanced 
CTA image shows dilated right ventricle along with fat 
deposition in the right ventricular myocardium (arrow), 
indicative of arrhythmogenic right ventricular dysplasia. 
(b) Axial non contrast CT in another patient with ARVD 
shows fat in the RV myocardium (arrow)
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and leukemia can also involve the heart. Primary 
cardiac malignancies are rare and include sar-
coms, with angiosarcoma the most common sar-
coma [30].

35.9.6	 �Valvular Disorders

CT is not the primary modality for the evaluation of 
native valvular disorders, with echocardiography 
and MRI providing superior information. However, 
CT can provide morphological information on 
valves. For example, tricuspid stenosis is associated 
with leaflet thickening and calcification. Carcinoid 
syndrome typically affects the right heart valves, 
with thickening often the main manifestation. Valve 
motion and masses can be evaluated dynamically 
with cine images. Using differences in stroke vol-
umes of the ventricles, regurgitation can be quanti-
fied if it is an isolated lesión without shunt. CT is 
valuable in the evaluation of prosthetic valves, par-
ticularly those with complications such as size mis-
match, dehiscence, leak, pseudoaneurysm, 
endocarditis, abscess, structural failure, frozen leaf-
let, thrombus and pannus [31].

�Conclusion

CT plays an important role in the evaluation of 
the right heart. CT is the most commonly used 
modality in the evaluation of acute as well as 
chronic pulmonary embolism. CT is also 
provides valuable information on the heart 
and lungs in pulmonary hypertension. CT is 

an alternative to MRI in the evaluation of 
cardiomyoapthies, congenital heart diseases 
and masses. With the latest technology, it is 
possible to obtain high quality images with 
low doses of radiation and contrast.
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Abstract

There is a broad spectrum of disease processes 
that affect the right ventricle. Multiple imag-
ing modalities are available in the evaluation 
of the right ventricle. MRI plays a comprehen-
sive role in the evaluation of right ventricular 
pathology and provides unique insights into 
the morphology and pathophysiology as well 
as accurate quantification of several parame-
ters including volumes and function. In this 
chapter, we review the comprehensive role of 
MRI in the evaluation of right ventricle, 
including sequences, protocol and imaging 
appearances of common entities.
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36.1	 �Introduction

There is a broad spectrum of disease processes 
that affect the right ventricle. Multiple imaging 
modalities are available in the evaluation of the 
right ventricle. MRI plays a comprehensive role 

in the evaluation of right ventricular pathology 
and provides unique insights into the morphol-
ogy and pathophysiology as well as accurate 
quantification of several parameters including 
volumes and function. In this chapter, we review 
the comprehensive role of MRI in the evaluation 
of right ventricle, including sequences, protocol 
and imaging appearances of common entities.

36.2	 �Advantages 
and Disadvantages

Compared to other imaging modalities, a major 
advantage of MRI is its ability to provide tissue 
characterization, which is made possible due to 
its inherent contrast resolution, which can be 
amplified by obtaining sequences at different 
weightings and by administration of gadolinium-
based contrast agent. MRI also has good spatial 
resolution, which is important for morphological 
evaluation of small-sized structures. It has good 
temporal resolution, which is essential for evalu-
ating motion, although it is not as good as echo-
cardiogram. MRI can be obtained in any place 
and with suitable data, can also be reconstructed 
in any plane. It has a wide field-of-view which 
enables evaluation of extra-cardiac and vascular 
structures. MRI can provide comprehensive 
information including morphology, function, 
flow and tissue characterization. MRI is consid-
ered the gold standard in evaluation of function 
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particularly for the right heart function, which is 
evaluated only to a limited extent in other imag-
ing modalities such as echocardiogram due to 
limited acoustic windows. It can evaluate for 
shunts and help in quantification. MRI does not 
need ionizing radiation, which makes it prefera-
ble to CT.

Disadvantages of MRI include several contra-
indications including metallic devices. 
Pacemakers/ICDs used to be an absolute contra-
indication for the performance of MRI; however, 
recent pacemakers and some ICDs are MRI 
compatible or “conditional” and MRI can be 
safely performed if scanned within specified 
conditions. Some patients are claustrophobic 
and may need light sedation to the extent that 
breath hold is still possible. In children and 
uncooperative patients, general anesthesia may 
be required to keep the patient still. Gadolinium-
based contrast is associated with the develop-
ment of nephrogenic systemic fibrosis in patients 
with severe renal dysfunction [1]. Hence its use 
should be restricted in such patients. There are 
also reports of deposition of gadolinium in the 
brain with repeated use [2].

36.3	 �MRI Technology

In MRI, the patient is placed inside a magnet, 
typically of 1.5 of 3.0  T tesla field strength. 
Randomly oriented protons become aligned 
along the direction of the external magnetic field 
of this magnet, more than in the anti-parallel 
direction. The protons also precess around the 
axis of the magnetic field, with a frequency called 
the Larmor frequency, which is proportional to 
the B0 and gyromagnetic ratio. Following this, a 
radiofrequency pulse is applied using special 
coils placed in the magnet. Depending on the 
strength of this RF gradient, the protons will be 
tipped to varying angles away from the transverse 
plane, resulting in decay of longitudinal magneti-
zation. The transverse magnetization undergoes 
free induction decay and generates a signal in a 
receiver, when is then converted to digital signal, 
amplified, and then undergoes a process of 
Fourier transformation to generate the MR 

images. Magnetic gradients are utilized in differ-
ent directions to encode for the spatial location as 
well as frequency. With a spatial encoding mag-
netic gradient, a gradient of magnetic field is 
applied across the body, so that different protons 
in different locations of the body have different 
magnetic field strengths and hence the computer 
will be able to localize where they are. In addi-
tion, within a single slice, magnetic gradients are 
further used to encode frequency in one direction 
and phase in the other direction. The combination 
of the number of frequency and phase encoding 
steps is called as the matrix, which along with the 
field of view determines the spatial resolution of 
the scanner [3].

36.4	 �MRI Sequences

MRI sequences refer to the specific combination 
of application of the magnetic pulses. TR, i.e. 
repetition time refers to the time between RF 
pulses. TE refers to the time between the initial 
RF pulse and the time when the echo, ie the MR 
signal is collected. In the basic spin-echo 
sequence, an initial 90° pulse is applied, followed 
by a 180° pulse at TE/2. Then another 90° pulse 
is applied at TR and so forth, till all the phase 
encoding steps are completed. This means that 
higher the number of phase encoding steps, lon-
ger the scan. By varying the TR and TE, different 
tissues can be distinguished. T1, which is also 
called the spin-lattice relaxation is the time taken 
for the magnetic spins to restore longitudinal 
magnetization, whereas T2, also called the 
lattice-lattice relaxation is the time taken for the 
decay of transverse magnetization. Different tis-
sues have different T1 and T2. By using a short 
TR and TE, a T1-weighted image can be obtained. 
By using a long TR and TE, a T2-weighted image 
can be obtained. By using a long TR and a short 
TE, a proton-density weighted image can be 
obtained. Different tissues appear differently in 
these sequences. For example, fluid appears dark 
in T1 and bright in T2. Soft tissue appears low in 
T1 and intermediate to right in T2. Fat appears 
bright in T1 and T2. With an inversion recovery 
pulse, a 180° pulse is applied before the 90, 180 
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sequence so that all the protons are flipped 180°. 
Then the protons will recover at different rates, 
proportional to their T1 number. Specific tissues 
can be suppressed if MR is acquired at the time 
when that tissue is at zero point in the relaxation 
curve. For example, in STIR image, the fat is sup-
pressed and in FLAIR image, fluid is suppressed. 
Gradient echo sequence is another commonly 
used sequence where RF pulses of varying angles 
are used, but a refocusing 180° pulse is not used 
[3, 4].

36.5	 �Cardiac MRI Sequences

The following MRI sequences are useful in the 
evaluation of right heart pathology [3–5].

Cine sequences  Cine sequences are performed 
using balanced steady state free precession 
(b-SSFP) sequence, which is a type of gradient-
echo sequence. Since the signal in this sequence 
depends on the T2/T1 ratio, blood looks bright 
without administration of intravenous contrast. 
Cine images are obtained in a segmented k-space 
acquisition, which means that with each R-R 
interval, only few lines of k-space are filled and 
data is collected over multiple R-R intervals, 
depending on the spatial and temporal resolution 
desired. Typically, these are performed over a 
single breath-hold, approximately 15–20 heart-
beats. The images are displayed as a cine loop 
and are obtained as average of multiple heart-
beats. The cine images can be acquired in any 
plane. For the left ventricle, 2 chamber, 3 cham-
ber, 4 chamber, and short axis views are the most 
commonly used. For the right ventricle, right 
ventricle long axis, horizonal long axis and out-
flow tract views provide evaluation. In patients 
with metallic devices, gradient echo sequence 
can be used instead of SSFP to minimize arti-
facts. In addition to evaluation of the morphol-
ogy, the sequence can be used for qualitative 
evaluation of global and regional function 
(Fig. 36.1a).

In addition, contours can be drawn in the 
endocardium and epicardium in end systole and 
end systole in multiple slices (typically short 

axis), to obtain quantitative values of ventricular 
volumes, mass and function using the modified 
Simpson’s formula (Fig. 36.1b). MRI has shown 
to be highly accurate and reproducible technique 
in the evaluation of ventricular parameters. 
Especially for RV, MRI is the ideal imaging 
modality since echocardiography is limited by 
acoustic windows [6]. SSFP images can also be 
obtained in static mode, which can be utilized for 
evaluating morphology.

Real time cine SSFP  Cine images can also be 
obtained in real-time, which means that the data is 
not averaged over multiple cardiac cycles, but 
instead obtained in real-time as and when it is hap-
pening, similar to a fluoroscopic image. Real time 
cine imaging is commonly used when a regular 
ECG gated MRI cannot be performed or subopti-
mal due to the presence of extensive arrhythmia. 
Real time cine imaging is also useful in the evalu-
ation of ventricular interdependence in patients 
with pericardial constriction, who show exagger-
ated diastolic septal flattening with inspiration [7].

3d whole heart SSFP  3d whole heart SSFP is 
similar to the 2d cine SSFP, but unlike the latter 
is a 3d volumetric acquisition. This can be per-
formed in any plane and the extent can be cus-
tomized depending on the clinical indication, 
from just the coronary arteries to the entire chest. 
Images are typically ECG-gated and can be 
obtained from any phase of the cardiac cycle, 
typically in diastole for coronary imaging. 
Images are also obtained with navigator-gating 
of the diaphragm, allowing to the patient to free 
breath, with the data being collected only in end- 
expiratory phase. For optimizing coronary arte-
rial imaging, fat saturation and T2 prep pulse are 
also obtained, the former to null the fat and the 
latter to suppress the myocardial signal, both of 
which improve the contrast between coronary 
arteries and adjacent structures [8].

Strain imaging  Strain refers to relative deforma-
tion of myocardium in response to an applied 
force. Strain imaging is useful in the evaluation 
of regional myocardial function, which is often 
abnormal in early stages of disease process 
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before there is obvious failure. For example, in 
chemotherapy induced cardiotoxicity, abnormali-
ties are seen regionally much ahead of global sys-
tolic dysfunction. Strain evaluates regional 
deformation of myocardium in different direc-
tions, including radial, longitudinal and circum-
ferential directions along with torsion. There are 
several sequences which can evaluate strain, 
including myocardial tagging, which uses grids 

or lines to tag the myocardium and quantifying 
the deformation using advanced software such as 
HARP (Fig.  36.1c). Feature tracking uses con-
ventional cine SSFP sequence and evaluates 
strain by tracking the changes in feature of the 
images over the cardiac cycle. Other techniques 
include tissue velocity phase mapping, Strain-
encoded imaging (SENC) and Displacement-
Encoded imaging (DENSE) [9].

a

d

g h i

e f

b c

Fig. 36.1  MRI sequences. (a) Cine SSFP sequence in the 
short axis plane. (b) Quantification of right ventricular 
volumes and function using contours drawn in systole and 
diastole. (c) Myocardial tagging image for regional car-
diac function. (d) Black-blood sequence. (e) Velocity 

encoded phase contrast image through the pulmonary 
artery. (f) Dynamic perfusion imaging. (g) MR angiogra-
phy. (h) Late gadolinium enhancement through the myo-
cardium. (i) T1 mapping through the heart
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Black blood sequences  Black blood sequences 
are used for evaluation of morphology, particu-
larly of the myocardium and pericardium, as well 
for the evaluation of myocardial edema and char-
acterization of masses. These are performed with 
prospective ECG-triggering and a double inver-
sion recovery pulse. The first inversion pulse is 
applied throughout the scanned volume and flips 
all the protons by 180°. The second 180° pulse is 
applied only to the imaged slice. Thus any tissue 
in the slice will have encountered two 180° pulses 
with signal cancelling out each other. Blood how-
ever flows out and at the time of imaging, the 
blood in the image would have come from outside 
the slice and has encountered only one 180° pulse. 
The definitive image is then acquired when this 
blood reaches the zero point. After this T1, or T2 
weighting can be obtained by optimizing the TR 
and TE (Fig.  36.1d). Fat saturation can also be 
obtained by using a triple inversion recovery 
pulse. Black blood images can also be obtained by 
using ultra-fast spin- echo T2 (single shot SSE, 
HASTE, etc), but these images have low resolu-
tion and are hence used limited to provide over-
view of the thoracic structures and not for fine 
detail [4].

Phase contrast  Velocity-encoded phase contrast 
imaging utilizes two equal but opposite gradients 
(bipolar gradients). A static tissue in between 
these gradients undergoes phase shifts that cancel 
out each other. However, if there is flowing tissue 
such as blood, it undergoes phase shift due to the 
bipolar gradients and this phase shift is propor-
tional to the velocity. In the phase contrast image, 
the signal is proportional the velocity. By obtain-
ing images perpendicular to the vessel of interest, 
velocity can be calculated and flow derived by 
multiplying velocity with the area of the vessel. 
Pressure gradient can be calculated by modified 
Bernoulli equation, ΔP = 4v2 [3–5].

4d flow  A recent advance in flow imaging is the 
development of 4d flow, in which phase contrast 
images are obtained with velocity encoding in all 
the three directions, along with acquisition of 
time information. This provides the ability to 
image large volumes of tissues using a single 

sequence without specific planning for specific 
vessels. Using computational fluid dynamic 
models, the flow patterns, including helices and 
turbulence can be evaluated in the heart or other 
vessels. Several abnormalities have shown early 
alterations in flow before the development of 
morphological abnormalities [10].

Perfusion imaging  Dynamic first pass perfusion 
imaging is acquisition of images through the 
myocardium on the first phase of contrast through 
the myocardium. This is obtained using a gradi-
ent echo or SSFP readout following injection of 
gadolinium-based contrast media at high flow 
rate (Fig. 36.1f). Images are obtained both at rest 
and following stress, which may be either phar-
macological (adenosine, dipyridamole, regade-
noson) Myocardial ischemia demonstrates a 
perfusion defect in stress images, but no defect is 
seen at rest. This sequence can also be used for 
the evaluation of microvascular dysfunction as 
well cardiac masses [11].

MR angiography  MR angiography is useful in 
the assessment of the vasculature, including pul-
monary arterial and venous system. This is per-
formed using a 3d T1-weighted spoiled gradient 
echo sequence, after administration of gadolin-
ium based contrast agent, which shortens the T1. 
Hence the blood vessels which have the contrast 
appear bright. Timing of the acquisition is crucial 
since the images have to be obtained when the 
contrast is in the vessel of interest, which can be 
accomplished by using a MR fluoroscopic image 
which tracks the passage of contrast. Typically, 
two phases of contrast can be obtained, the first in 
pulmonary artery and the second in aorta 
(Fig.  36.1g). This can be accomplished on two 
breath-holds. However, with modern technolo-
gies, multiple phases with high temporal resolu-
tion can be obtained by using sequences such as 
time resolved MR angiography (TWIST, 
TRICKS, etc), in which only selective data is 
obtained at each time interval from the center of 
the k space, whereas the same data is used for the 
k-space periphery. In addition to high temporal 
resolution, this also provides perfusion images, 
including that of the lung [3, 4].
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3d ultrafast gradient echo  3d ultrafast gradient 
echo is another technique for obtaining angio-
graphic images of the thorax using a rapid 3d 
volumetric sequence such as VIBE, THRIVE or 
LAVA. Pre and post contrast images can be sub-
tracted to optimize contrast enhancement.

Late Gadolinium enhancement  This sequence 
is valuable in characterizing the cardiomyopa-
thies, based on different patterns of enhance-
ment. Abnormal myocardium, such as scar, 
fibrosis or tumor show contrast uptake with 
slow washout. Images are obtained 10–15 min 
after administration of gadolinium-based con-
trast, to optimize the difference in signal 
between normal and abnormal myocardium 
since in early phase both these show contrast 
enhancement, but at later phases, contrast 
washes out from normal myocardium, whereas 
it is retained in scar/fibrosis (Fig. 36.1h). This 
difference can be amplified by using inversion 
recovery sequence with the null time optimized 
to suppress signal from normal myocardium. 
Hence, a normal myocardium appears dark, 
whereas abnormal myocardium appears bright. 
The optimal nulling time is determined by using 
scout images at low resolution obtained at dif-
ferent inversion times and identifying which 
phase has the lowest signal [3–5].

T1 mapping  T1 mapping is a novel technique in 
which the absolute T1 number of the myocar-
dium can be obtained. LGE technique is not ade-
quate in diffuse disease processes since it depends 
on identifying a normal myocardium which may 
be a challenge in diffuse processes. By using 
sequences such as MOLLI, SCHMOLLI, 
SASHA and others, which are either inversion or 
saturation-recovery based, images of the same 
slice are obtained at different inversion times. By 
fitting a curve and then solving the equation, the 
absolute number of T1 can be obtained. The 
images can also be color coded based on their T1 
(Fig.  36.1i). Different pathological processes 
have different T1, both pre and post contrast. In 
native T1 mapping, high T1 values are seen in 
edema, fibrosis and amyloid whereas low T1 val-
ues are seen in fat and iron, including Fabry 

disease. After giving contrast, low T1 values are 
seen in tissues with fibrosis or amyloid. By 
obtaining real or synthetic hematocrit, the extra-
cellular volume can be quantified, which is 
increased in several disease processes, correlat-
ing with prognosis [12].

T2 mapping  Similar to T1 mapping, absolute T2 
number can also be obtained by using sequences 
such as SSFP, ACU2TE, which obtain images in 
same slice at different TE.  By plotting signal 
intensity against the time, the absolute T2 num-
ber can be obtained. Color maps can be obtained 
by color coding based on the T2 value. This is 
high in edema of myocarditis and myocardial 
infarction, which is more sensitive than routine 
T2 weighted sequences [12].

Multi-echo gradient echo imaging  This sequence 
is used in the evaluation and quantification of 
myocardial iron. Images in the same slice are 
obtained at different echo times (TE). By plotting 
the signal intensities against the corresponding 
TE, the absolute T2* number can be obtained, 
which is inversely proportional to the myocardial 
iron, with values <20 ms associated with signifi-
cant iron deposition [13]. This information can 
be used to initiate chelation therapy before the 
onset of advanced LV dysfunction [3, 4].

Advanced sequences  Arterial spin labeling is 
technique in which perfusion images such that of 
the lung can be obtained without administering 
intravascular contrast. Localized RF pulses are 
used to invert pulmonary blood magnetization. 
Images obtained with and without arterial label-
ing are subtracted and thus perfusion images of 
the lungs can be obtained [14]. MR spectros-
copy can evaluate for the metabolites in the 
myocardium, which can be abnormal in early 
phases of the disease. Diffusion tensor imaging 
evaluates for changes in the orientation of myo-
cardial fibers, which is also seen in early stages 
of disease process [15]. Ultra short echo TE is 
a novel sequence, which may be useful in the 
evaluation of lungs. The lung parenchyma is 
usually not well-visualized in conventional 
MRI  sequences due to short T2*. However, at 
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ultra-short TE times (i.e <500 μs), there is more 
inherent signal from MR parenchyma. This 
allows for potential quantification of interstitial 
tissue density/volume. The non-uniform disrup-
tion of lung architecture can be detected and 
characterized without radiation dose [16].

36.6	 �MRI Protocol

MRI protocol refers to the combination of the 
different MRI sequences that are utilized in a 
patient. Depending on the clinical indication, 
different sequences can be added. An optimal 
workflow involves having few pre-selected 
protocols making only minimal modifications if 
necessary. Examples of common protocols are 
shown in Table  36.1. For example, if there is 

need for evaluation of ARVD, cine sequences 
are performed in multiple planes, particularly 
right ventricular horizonal long axis; black blood 
T1-weighted images to evaluate for myocardial 
fat; and post-contrast late gadolinium enhance-
ment images for fibrosis. 3d whole heart SSFP 
sequence is also performed to evaluate for coro-
nary arterial origins and exclude anomalies. If a 
cardiomyopathy is considered, cine images, 
LGE, T2*, STIR and T1 mapping are performed. 
For cardiac masses, tissue characterization is 
performed using T1, T2, early contrast enhance-
ment and late gadolinium enhancement are per-
formed [5].

36.7	 �Pathologies

MRI is useful in the evaluation of several pathol-
ogies of the right heart, with the following sec-
tion discussing the common clinical conditions.

36.7.1	 �Congenital

MRI is an optimal imaging modality for congeni-
tal heart diseases (CHD), that provides compre-
hensive information, including morphology, 
function, quantification and pre-surgical/inter-
ventional evaluation. A morphologic right ven-
tricle is identified by the presence of muscular 
tissue between the AV and semilunar valves, 
moderator band and prominent trabeculations. 
Left-to-right is a common cause for right ventri-
cle dilation. Atrial septal defect can occur at the 
ostium secundum, ostium primum, sinus venosus 
or coronary sinus levels (Fig. 36.2a). Ventricular 
septal defect can occur at the membranous, mus-
cular, inlet or outlet level. Patent ductus arterio-
sus is seen as a communication between the 
pulmonary artery and the descending aorta. MRI 
can not only evaluate the morphology of the 
abovementioned shunts it can also quantify the 
shunt either directly or by measuring Qp:Qs with 
phase contrast, which is used for surgical deci-
sion making. Tetralogy of Fallot is characterized 
by RV outflow obstruction, RV hypertrophy, 
VSD and overriding aorta. This is treated by 

Table 36.1  MRI protocols for common right ventricular 
disorders

Disease Protocol

Congenital heart 
disease

Cine SSFP- Multiple planes

Phase contrast- Aorta, pulmonary 
& directly through the shunt if 
present

MR angiography

3d whole heart SSFP

Late gadolinium enhancement

ARVD Cine SSFP- RV planes

Black blood T1- RV plane

LGE- RV plane

3d whole heart SSFP

Other 
cardiomyopathies

Cine SSFP- Multiple planes

Phase contrast- Aorta & 
pulmonary

Black blood- STIR

Late gadolinium enhancement

T1 mapping T2 mapping, T2* in 
iron overload

Pulmonary 
hypertension

Cine SSFP- multiple planes

Phase contrast- Aorta & 
pulmonary

MR angiography

Late gadolinium enhancement

Masses Axial cine SSFP-to locate the 
mass

Mass- T1, T2, STIR, perfusion, 
LGE (regular and long inversion 
times)
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definite surgical repair of RVOT. These patients 
are followed up with MRI, since they are at high 
–risk for developing pulmonary regurgitation. 
MRI is used to quantify the pulmonary regurgita-
tion and as well as RV dilation and dysfunction 
(Fig.  36.2b). Extensive LGE in the RVOT or 
aneurysm are adverse prognostic indicators [17]. 
Ebstein anomaly is a condition in which there is 
apical displacement of the tricuspid valve by 
>8 mm/m2, which results in atrialization of a por-
tion of the right ventricle which does not contract 
effectively, resulting in significant tricuspid 
regurgitation, RV dilation and systolic dysfunc-
tion (Fig. 36.2c) [18]. In tricuspid atresia, the RV 
is small. Single ventricle conditions usually 
bypass the RV, with the creation of a Glenn and 
Fontan shunt [18, 19].

36.7.2	 �Cardiomyopathies

MRI is an important modality in the evaluation of 
cardiomyopathies. It helps in diagnosis, charac-
terization, risk stratification and follow up after 
treatment. Infarction of the RV may be seen as 
subendocardial or transmural LGE in the myocar-
dium (Fig. 36.3a). Arrthythmogenic right ventric-
ular dysplasia/cardiomyopathy (ARVD/C) is a 
cardiomyopathy that affects the RV, characterized 
by fibrofatty replacement of the myocardium. On 
MRI, it is diagnosed by the presence of major 
wall motion abnormalities (aneurysm, akinesia, 

dyskinesia) along with either low EF (<40%) or 
dilated RV (EDV > 110 mL/m2 in males, >100 mL/
m2 in females). This is combined with other clini-
cal criteria to make a diagnosis. Presence of fat in 
the RV myocardium in black blood image is sup-
portive, but not necessary. Late gadolinium 
enhancement may be seen in the RV. Dilated car-
diomyopathy is characterized by dilated ventricle 
and global systolic dysfunction. Non ischemic 
cardiomyopathy, due to idiopathic cause, chronic 
myocarditis or sarcoidosis may manifest as linear 
or patchy mid myocardial or subepicardial 
enhancement. Amyloidosis shows myocardial 
thickening along with diffuse subendocardial/
transmural LGE involving LV, RV, atria and atrial 
septa. There is also alteration of the T1 kinetics, 
with the myocardium appearing dark before the 
blood pool becomes dark, which is a reversal of 
the normal pattern. Hypertrophic cardiomyopathy 
is characterized by asymmetric hypertrophy of 
the myocardium, and occasionally involves the 
RV.  Prominent trabeculations are seen in non-
compaction less commonly involving the RV and 
diagnosed when the trabeculations involve >75% 
of the RV myocardium (Fig. 36.3b). Constrictive 
pericarditis is characterized by restriction of ven-
tricular filling. On MRI, pericardial thickening is 
usually seen and there may be pericardial 
enhancement if there is inflammation. There is 
diastolic septal bounce, abrupt cessation of dia-
stolic filing and exaggerated inspiratory diastolic 
septal flattening in real-time images [20].

a b c

Fig. 36.2  Congenital heart disease. (a) 4-chamber cine 
SSFP image shows an atrial septal defect (arrow). (b) 
Sagittal MR image in a patient post repair of Tetralogy of 

Fallot shows aneurysmal dilation of the right ventricular 
outflow tract (arrow). (c) Ebstein anomaly, with apical 
displacement of the tricuspid valve leaflet (arrow)
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36.7.3	 �Valvular Disorders

Valvular disorders produce significant effect on 
the right ventricle. Regurgitant lesions such as 
tricuspid and pulmonary valves result in dila-
tion and increased stroke volume of the RV, 
with diastolic septal flattening in cine images. 
There is incomplete coaptation of the pulmo-
nary valve in diastole and tricuspid valve in 
systole (Fig.  36.4). The regurgitation can be 
accurately quantified by using velocity encoded 
phase contrast imaging, which is useful in ther-
apeutic decision making. Stenotic lesions such 
as pulmonary stenosis produces RV hypertro-
phy and systolic septal flattening. The valve 

leaflets appear thickened and there is restricted 
systolic opening of the pulmonic valve. The 
velocity of the stenotic jet and pressure gradi-
ent can be calculated using phase contrast 
imaging [21]. On MRI, the regurgitation is 
graded as mild (<15%), moderate (16–25%), 
moderate severe (26–48%) and severe (>48%) 
[22]. The velocity of stenotic jet is measured 
and using this pressure gradient can be calcu-
lated using modified Bernoulli equation, 
Δp = 4v2 [21].

a

b

Fig. 36.3  Cardiomyopathies. (a) Right ventricular 
infarction showing subendocardial late gadolinium 
enhancement (arrow). (b) Prominent right ventricular tra-
beculations in a patient with ventricular non compaction 
(arrow)

a

b

Fig. 36.4  Valvular heart disease. (a) Sagittal MRI image 
showing severe pulmonic regurgitation (arrow). (b) 
4-chamber SSFP image showing severe tricuspid regurgi-
tation (arrow)
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36.7.4	 �Pulmonary Hypertension

Pulmonary hypertension is characterized by ele-
vation of the mean pulmonary arterial pressure 
(>25  mmHg). There are several causes of PH, 
Type 1- Pulmonary arterial hypertension; 2- left 
heart disease;3- lung disease;4- chronic thrombo-
embolic hypertension; 5- unclear/multifactorial. 
MRI is used primarily in the quantification of 
right ventricular volume and function, which is 
challenging with echocardiography. There may 
be RV hypertrophy, RV dilation, systolic septal 
flattening and low systolic function. MRI can 
provide comprehensive information that may 
expedite the workup of PH and the need for mul-
tiple tests. Using composite scores, MRI can help 
in the diagnosis of pulmonary hypertension, 
although it is not commonly used for this pur-
pose. Using interventricular septal angle and ven-
tricular mass, metrics for diagnosis can be 
obtained. Estimated mPAP= (interventricular 
septal angle  ×  0.23)  +  (ventricular mass 
index × 16.3) − 4.6. Estimated PVR (in Woods 
units)- 19.38 −  {4.62 ×  ln PA average velocity 
(cm/s)} − {0.08 × RVEF (%)} [2, 24].

There is dilation of the central pulmonary 
arteries (main pulmonary artery >2.8  cm, or 
larger than ascending aorta) (Fig. 36.5a), with or 
without pruning of the peripheral pulmonary 
arteries. The right ventricle is initially hypertro-
phied, but then fails resulting in systolic dysfunc-
tion. There is systolic flattening of the 
interventricular septum (Fig. 36.5b) [23]. Using 
phase-contrast imaging, the pulmonary and tri-
cuspid regurgitation can be quantified. Decreased 
myocardial perfusion reserve is seen in pulmo-
nary hypertension. LGE shows enhancement in 
RV insertion points. Altered hemodynamics can 
be seen, both in phase contrast and time resolved 
MRA. MRI can be used to establish the etiology 
of pulmonary hypertension which is vital for 
selecting appropriate therapy [23]. Shunts can be 
evaluated as described above. Left heart disease, 
including cardiomyopathies can be comprehen-
sively evaluated with MRI.  Using MR pulmo-
nary angiography, chronic pulmonary embolism 
can be seen either as filling defect, webs or atten-

uation of vessel. With MR perfusion imaging, 
perfusion defects may be seen in chronic PE, 
which may be the only finding in chronic throm-
boembolic disease. Pulmonary veno-occlusive 
disease can also be evaluated with MRA.  MRI 
also provides prognostic information. For exam-
ple, altered hemodynamics with time resolved 
MRA has been shown to be associated with pul-
monary arterial pressure and vascular resistance 
[25]. MRI can also be used to monitor the 
response to treatment.

a

b

Fig. 36.5  Pulmonary hypertension. (a) Coronal MR 
Image shows several dilation of the central pulmonary 
arteries. (b) Systolic flattening of the interventricular sep-
tum towards the left ventricle (arrow)
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36.7.5	 �Masses

Cardiac masses can be seen in the right heat and 
can be characterized with MRI by using a com-
bination of T1, T2, perfusion and late enhance-
ment sequences. The most common non 
neoplastic mass is a thrombus, which has low 
signal in all sequences. When there is question 
of thrombus, an additional LGE image is 
obtained at long inversion time (approximately 
600 ms), at which point only thrombus has low 
signal. Pericardial cyst is seen in the right para-
cardiac region, in the cardiophrenic angle and 
has low signal in T1, high signal in T2 without 
contrast enhancement. Occasionally a promi-
nent moderator band can mimic a mass, but can 
be distinguished from a true mass by evaluating 
it in multiple planes. Benign neoplasms usually 
are confined to the right ventricle, does not 
extend to other chambers or the pericardium, 
have smooth margins may have a stalk and are 
small while malignant lesions are larger, extend 
or involve more than one compartment. Benign 
tumors like myxoma, lipoma, fibroelastoma, 
hemangioma and paraganglioma are rare in the 
right ventricle. Myxoma may have a stalk and 
has heterogeneous signal. Fibroelastoma has a 
stalk that is attached to the tricuspid valve. 
Lipoma has fat signal in all the sequences. 
Hemangioma and paraganglioma have high T2 
signal and vascular enhancement. Metastasis is 
the most common tumor to involve the heart 
and can present as a single nodule, multiple 
nodules or diffuse infiltration or pericardial 
effusion. Lymphoma can also have similar 
appearance. Angiosarcoma is the most common 
sarcoma in the heart, originating from the right 
atrium and extending to the ventricle with 
irregular margins and infiltration of adjacent 
structures [26, 27].

�Conclusion

MRI provides comprehensive information on 
right heart pathology. It provides information 
on the morphology of several disorders. It is 
the most accurate and reproducible technique 
for quantification of function. Valvular and 

shunt quantification is performed using phase 
contrast imaging. Late gadolinium enhance-
ment, T1 and T2 mapping are useful in char-
acterization of several cardiomyopathies and 
masses. Different sequences are optimized 
and chosen to answer the specific clinical 
question.
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Cardiac Catheterization and  
Angiography
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Abstract
Cardiac catheterization is an invasive investi-
gation which offers the benefit of a diagnostic 
certainty in congenital heart disease with, 
some of which having a great deal of 
complexity.

The investigation may also be useful in 
some cases of complicated valvular diseases, 
as well as in making differential diagnosis of 
some myocardial or pericardial lesions.

Using this invasive procedure, pressures 
and oximetries in the heart cavities and great 
vessels are recorded, thus determining trans-
valvular gradients, cardiac shunts and the 
severity of pulmonary hypertension. Cardiac 
angiography brings extra data about the anat-

omy of the heart and vessels, allowing accu-
rate diagnostics.

Although there are major progresses in ima
ging performing echocardiographic exams, 
cardiac catheterization is still the “gold stan-
dard” in complex congenital heart diseases 
for determining sequential gradients, bidirec-
tional cardiac shunts, as well as stenosis of the 
peripheral branches of the pulmonary artery.

Last but not least, it should be mentioned 
the major advantage that this invasive proce-
dure has, it offers the possibility to solve some 
cardiac malformations (septal defects, valvu-
lar/vascular stenosis, etc.) in the same 
intervention.

Keywords
Cardiac catheterization · Indications · 
Contraindications · Complications · 
Congenital heart diseases · Angiography

37.1	 �Introduction

Humans desire for knowledge was manifested 
from ancient times, but in this domain, the first 
description of the blood circulatory system was 
published in 1628 by William Harvey in his paper 
“De motu cordis,” in which he describes the mac-
rocirculation, the microcirculation and also the 
roles of the right side of the heart and the left side 

L. Pinte 
Internal Medicine Department, Colentina Clinical 
Hospital, Bucharest, Romania

F. Pinte (*) • A. M. Cristian 
Department of Interventional Cardiology,  
MEDLIFE – Angiolife, Bucharest, Romania

I. Mocanu 
Department of Cardiovascular Surgery,  
SANADOR Hospital, Bucharest, Romania 

V. Murgu 
Department of ITU, Central Military Hospital, 
Bucharest, Romania 

L. Stan 
Department of Cardiovascular Surgery,  
Central Military Hos‑pital, Bucharest, Romania

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73764-5_37&domain=pdf


626

of the heart [1]. Physiologist Claude Bernard in 
1847 standardizes the techniques for measuring 
intracardiac pressure, introducing the name of 
‘cardiac catheterization.’

The first cardiac catheterization in humans was 
made in 1929 by Werner Forssman on himself. He 
had introduced under radiological guidance a 
urethral probe in the cubital vein up to the right 
atrium and he measured cardiac blood flow directly. 
A. Cournand and D. W. Richards improved the 
technique for clinical applicability in 1941, for 
which they received the Nobel Prize together with 
Forssman in 1956 [1–3].

From 1950 to 1960, cardiac catheterization 
laboratories developed rapidly as a necessity 
imposed by the launch of cardiac surgery based 
on the hemodynamic data obtained using cath-
eterization for the purpose of therapeutic decision 
making in patients with congenital heart defects 
and those with valvular heart diseases.

37.2	 �Definition

Cardiac catheterization is the set of invasive 
diagnostic techniques involving the insertion of  
a percutaneous catheter in order to obtain hemo
dynamic data by performing direct measurement 
of blood pressures and oxygen saturation of the 
blood in various chambers of the heart, as well as 
anatomical data about the heart and vessels using 
a contrast injection agent.

Catheterization is an invasive diagnostic method 
that complements echocardiography and cardiac 
MRI used to collect as much hemodynamic and 
anatomic data as possible, in order to obtain a correct 
and accurate diagnosis, on the basis of which are 
elaborated strategies for treating congenital heart 
defects, valvular diseases and pericardial diseases.

In recent years, cardiac catheterization has been 
used less as a diagnostic method, considering that 
echocardiography and cardiac MRI provide enough 
information, but it remains the gold standard 
method for complex congenital cardiac diseases.

This method of diagnosis was the basis of 
interventional cardiology, and it involves methods 
of percutaneous and endovascular treatment for 
several cardiac diseases.

Depending on the insertion path of the probe 
and on the interest in the left or the right side of 

the heart catheterization, we may classify this 
investigation into [4]:

•	 venous or right heart catheterization, the approach 
of a vein brings hemodynamic data about 
pressures, valve gradients, the grade of pulmonary 
arterial hypertension and also cardiac shunts.

•	 arterial or left heart, the approach of an artery 
brings data about mitral and aortic valves 
gradients, the gradient in the aorta and 
eventually right to left shunts. It is also the 
approach used for performing coronarography 
in order to visualize the coronary arteries.

•	 right and left catheterization, the approach of 
an artery and vein simultaneously.

It is to be noted that insertion of a probe into 
heart chambers is performed with the following 
purposes: measuring hemodynamic parameters, 
such as pressure and oximetry (oxygen saturation 
of blood) in the chambers of the heart; angiog-
raphy, which means injecting a contrast agent to 
visualize heart chambers, cardiac wall contractil-
ity, or to detect cardiac shunts; endocardial pacing 
and therapeutic interventional maneuvers [5].

37.3	 �Indications for Cardiac 
Catheterization

Cardiac catheterization has contributed deci-
sively to the development of modern cardiology, 
both for diagnostic formulation and for percuta-
neous treatment methods, which have become 
very useful in treating congenital heart dis-
eases at increasingly younger ages.

Initially, cardiac catheterization and angio
graphy were methods of high accuracy in the 
diagnosis of congenital heart diseases, providing 
better understanding of complex diseases, which 
has led to effective treatment methods in this field.

The main objectives of catheterization and angio
graphy are [6]:

•	 confirmation of clinical and echocardiographic 
diagnosis for some structures that are difficult 
to be visualized (peripheral branches of the pul-
monary artery, coronary abnomalities, etc.)

•	 evaluation of the hemodynamic impact of the 
disease (quantification of valvular regurgitation, 
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cardiac shunts, stenotic orifice area, associated 
coronary abnormalities, etc.)

•	 assessment of biventricular dysfunction.
•	 assessment of postoperative consequences 

in some malformations, as follow-up (resi
dual shunts, valvular insufficiencies and 
stenosis, stenosis of the aorta to pulmonary 
anastomosis or branches of the pulmonary 
artery).

•	 possibility of choosing the optimal interventional 
therapy, when possible.

Appropriate or acceptable indications for right 
heart catheterization according to cardiology and 
cardiac surgery societies, which try to cover current 
practice indications [7] (Table 37.1):

Indications of cardiac catheterization in con
genital heart diseases are [6]:

Table 37.1  Indications of cardiac catheterization in cardiac pathologies

Cardiac pathology
A. �Diagnosticated or suspicious ischemic 

cardiomyopathy
1. Acute coronary syndrome (ACS):
          • Cardiogenic shock due to an ACS
          • ST elevation myocardial infarction (STEMI)
          • �Unstable angina/non-ST elevation myocardial infarction
          • �Suspicion of ACS with undiagnosed LV kinetics defect or 

with perfusion disorders diagnosed on recent scintigraphy
2. �Chronic ischemic heart disease without stress testing performed 

in patients with a high or intermediate clinical suspicion
3. �Chronic ischemic heart disease with positive results on stress 

testing
4. Echocardiographic disorder of LV:
          • �LV systolic dysfunction (EF below 40%), recently 

discovered
          • �Recent segmental kinetic alteration with normal EF
          • �Mechanical defects of possible ischemic etiology (mitral 

insufficiency or ventricular septal defect)
B. �Known ischemic heart disease (history  

of ACS, revascularized by PCI or CABG, 
significant lesions on coronography)

1. �Symptomatic patients receiving medicamentous treatment, 
having positive stress testing or accusing worsening of 
symptoms

2. �Revascularized patients using PCI or CABG showing  
worsening of symptom

C. Arrhythmias • Patients resuscitated after cardiac arrest
     • Patients with sustained ventricular tachycardia
     • Syncope in a patient with aggregation of risk factors
     • Left bundle branch block, newly found

D. �Preoperative evaluation before  
noncardiac surgery in stable patients

• Before transplantation
     • �Before vascular surgery in patients with more than three  

risk factors
E. Valvulopathies 1. To determine comorbidities:

          • Preoperative coronarographic evaluation
          • �Patients with severe pulmonary hypertension inconsistent 

with the severity of the valvulopathy
          • �Patients with LV dysfunction inconsistent with the  

severity of the valvulopathy
2. To assess the severity of the valvulopathy
          • �The severity of the valvulopathy appreciated on imaging 

methods is inconsistent with clinical severity
          • �Aortic stenosis of unclear severity /“low-gradient”—

cardiac catheterization may be completed with  
dobutamine administration

          • �Mitral insufficiency or acute aortic insufficiency when 
there is inconsistency with clinical severity

(continued)
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•	 complex congenital heart diseases.
•	 suspicion on echocardiography of other asso

ciated malformations.
•	 coronary artery anomalies.
•	 measuring with precision the severity of pul

monary hypertension, when applicable.
•	 establishing the opportunity for an interven-

tional corrective or palliative procedure.
•	 for research purposes, when experimenting with  

new techniques or devices.

In newborns, a complete health assessment 
should be performed and careful risk-benefit 
assessment should be made as long as there are 
other diagnostic methods such as 2D and Dop-
pler color echocardiography, MRI which may 
perform three-dimensional reconstruction of car-
diac structures.

For some congenital heart diseases, is enough to 
make a diagnostic based on the two cited methods, 
unless an interventional procedure is intended.

Complex cardiac diseases require diagnostic 
cardiac catheterization with the recording of 
hemodynamic parameters and an angiography 
with contrast agent, which it may be or it may be 
not followed by an interventional procedure.

37.4	 �Contraindications

Cardiac catheterization and angiography have rela
tive contraindications, imposed by the laboratory 
equipment and the experience of cardiac catheteri
zation lab staff.

Relative contraindications refer to patients 
with severe diseases [8] (Table 37.2).

The only absolute contraindication of cardiac 
catheterization is the patient’s refusal to perform 
the procedure [8].

37.5	 �Incidents and Accidents

Experience has demonstrated that the incidence of 
accidents during cardiac catheterization depends 
on: the technique used, duration of exploration, 
type of anesthesia, the overall condition of the 
patient and tolerance to the contrast agent.

Table 37.1  (continued)

F. Pericardial diseases • Suspicion of cardiac tamponade
     • �Suspicion of constrictive pericarditis or differentiation  

between restrictive cardiomyopathy and constrictive 
pericarditis

G. Cardiomyopathies • Suspicion of arrhythmogenic right ventricular dysplasia
     • �Known cardiomyopathy where the clinical picture has 

changed
H. �Pulmonary hypertension (PH)  

or cardiac shunts
• �Known or suspected cardiac shunt having unclear anatomy  

and flow
     • �Suspicion of PH due to the increased pressure in the RV 

measured using a resting echocardiogram
     • Testing PH response to vasodilatator medication
     • �Patient who underwent a heart transplant for myocardial 

biopsy
     • �Evaluation of the circulating volume when other methods 

have unclear results

Table 37.2  Contraindication for cardiac catheterization

Relative 
contraindications 
for cardiac 
catheterization

• �Severe decompensated heart 
failure or acute pulmonary 
edema

     • Acute renal failure
     • �Chronic renal insufficiency 

with creatinine values greater 
than 2.5

     • �Severe coagulation disorder
     • �Anaphylactic reaction to 

iodinated contrast agents
     • Feverish condition
     • �Sepsis or bacterial 

endocarditis
     • �Malignant rhythm disorders, 

uncontrolled therapeutically
     • Acute stroke
     • Active digestive hemorrhage
     • Severe anemia
     • �Severe comorbidities that 

significantly reduce lifespan
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37.5.1	 �Incidents Related to Injection 
of the Contrast Agent

The contrast agent may cause injuries to the lung 
and kidney parenchyma when injected in large 
quantities, in particular to newborns and children.

It is considered that the maximum dose that can 
be injected for an angiography is 4 mL/kg body 
weight in infants and 5–6 mL/kg body weight in 
bigger children, above which overdoses may put 
in danger the life of the patient. The dose of the 
contrast agent for adults is adjusted according to 
renal function and generally should not exceed 
200–300 mL, when necessary, for a complex and 
complete diagnosis [10].

Incidents related to overdosed contrast agent 
are: cyanosis, bradycardia, metabolic acidosis, 
pulmonary hemorrhage, seizures coma and cardio-
respiratory failure [11].

Adverse reactions to contrast agent can be 
categorized into two main groups (Table 37.3) 
[4, 9, 10].

These reactions may occur also to low doses 
of contrast agent in patients with renal failure, 
because there is a risk for accumulation [9].

37.6	 �Complications [12, 13]

See Table 37.4

37.7	 �Facilities and Equipment 
in Cardiac Catheterization 
Laboratory

Total space required in twenty-first century for a 
pediatric cardiac catheterization laboratory and 
the related areas is significantly higher reach-
ing 80–100 m2. Increased demand for space is 
a consequence of the dimensions of a modern 
biplane X-ray equipment that is equipped both 
with a set of angular X-ray tubes and sophisti-
cated electronic auxiliary equipment, as well 

Table 37.3  Adverse reaction to contrast agent

1. �Physico-chemotoxic reactions 2. �Idiosyncratic drug reactions
• Transient erythema • Itching or rash
• Nausea or vomiting • Maculopapular rash
• Hypotension • Hyperhidrosis
• �Headache, syncope, or even paralysis • Conjunctival congestion
• Chills or hyperthermia • �Angioneurotic and facial edema
• �Arrhythmia up to heart attack • �Respiratory disorders up to severe dyspnea

Table 37.4  Complications of cardiac catheterization

Complications at the puncture site Complications during catheterization
– Local hemorrhage – �Arrhythmias, frequent ventricular fibrillation, ventricular or 

atrial extrasystoles, paroxysmal supraventricular tachycardia, 
temporary or permanent atrioventricular block of various 
degrees.

– Ecchymosis or hematoma – Perforation of the heart and great vessels
– Infection – Severe hypotension
– Dissection or rupture of the vessel – Central nervous system lesions (stroke)
– �Vascular thrombosis with subsequent 

occlusion of the vessel
– Pulmonary or systemic embolism

– Distal embolism or pulmonary 
thromboembolism

– �Foreign body remaining in the body after rupture or knotting 
the catheter

– The formation of a pseudoaneurysma – Infection up to sepsis
– �Arterio- venous fistula, a direct 

communication between the artery and the 
vein due to the needle tract and then the 
sheath inserted in the vessel

– Allergy to the contrast agent
– Secondary kidney failure
– �Dyspnea up to respiratory insufficiency requiring respiratory 

assistance
– Death
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as the increased number of complex procedures 
that are currently performed in these laboratories 
[14].

Adult laboratories require also large spaces due 
to the catheterization procedures that require addi-
tional voluminous equipment (such as anesthesia 
units, transesophageal and intracardiac ultrasounds, 
etc), which should be placed near the catheter table.

Catheterization room needs to be placed 
behind closed doors, with the exception of the 
control room which must be equipped with an air 
filter unit that maintains a positive pressure of the 
air circulation. At the same time, due to a per-
manent maintenance equipment and other adja-
cent units, the catheterization room is considered 
rather a clean space than a sterile area.

Location of catheterization room would be 
optimal in the immediate vicinity and with quick 
access to the operating blocks and intensive care.

37.7.1	 �Cardiac Catheterization Room

An ordinary ideal catheterization lab must be at 
least 4 m long and 3 m wide and the ceiling must 
be at least 2.5  m away from the floor to 
accommodate X-ray tube suspension equipment 
and the image intensifiers. The only fixed 
equipment is the catheter table and the X-ray tube 
suspension equipment as well as the monitors. 
The location of the catheterization table in the 
laboratory relative to the connecting routes with 
adjacent passage spaces, depends on the available 
space in close proximity to the catheterization lab 
[14] (Fig. 37.1).

The control room for the X-ray system must be 
in close proximity to the catheterization room and 
have at least one access door to the catheterization 
room. The control room can be positioned at the 
end of the catheterization room, but operators in 
the control room should have a clear view of the 
patient on the table the catheterization.

The catheterization room should be one or two 
times as wide as the patient’s door. Even if a 
patient may arrive on a narrow hospital bed, he 
must be able to leave the room together with 
supporting equipment and medical staff during 
the resuscitation or emergency period up to the 
operator block. It is important for the laboratory 
staff to clean up before the start of the program 
and even after each intervention.

37.8	 �Preparing the Patient 
in the Catheterization 
Laboratory Procedure Room

The patient is placed on the catheterization table 
and peripheral ECG is monitored. Then the skin 
area where the venous or artery puncture will be 
performed—either inguinal, subclavicular, cervical 
lateral or radial, as decided by the operator—is ster-
ilized with iodine tincture.

For adults, sedation is rarely required, only when 
the patient is very anxious or in a poor hemodynamic 
state, and the procedure can be prolonged by per
forming an interventional maneuver (Fig. 37.2).

37.9	 �The Vascular Approach

Seldinger technique for catheterization of the 
femoral vein is used frequently, but other vascular 
approaches such as right internal jugular vein, 
umbilical vein, or transhepatic approach could be 
used, usually for newborns with malformations 
of the inferior vena cava system.

Seldinger technique consists in: puncturing the 
femoral vein and introducing a 0.021″ guidewire 
for children and a 0.035″ guidewire for adults. Into 
the guidewire is inserted the sheath with dilator, 
then the dilator is withdrawn and the guidewire 
and the sheath remains in place in the vessel.Fig. 37.1  Cardiac catheterization room in Angiolife 

Clinic—Bucharest
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For adults, femoral vein approach is preferred 
for the right catheterization, and femoral or radial 
approaches are preferred for the left catheterization.

37.10	 �Cardiac Catheterization 
Technique

Once there is a venous or arterial access, catheter 
probes can be inserted to record pressures from 
different cavities, blood samples are taken, and 
angiography is performed to visualize the heart 
cavities and any existing shunts.

Right side of the heart catheterization is per
formed with several types of probe: Cournand 

probe, NIH probe and Swan—Ganz Catheter 
[15].

A few maneuvers for the insertion of the cath-
eter into various chambers of the heart—into the 
right atrium, the right ventricle and the pulmo-
nary artery—are described in Fig. 37.3.

When the approach is femoral, the probe is 
inserted into the heart from the inferior vena cava 
and there are required maneuvers aiming to insert 
the catheter into the superior vena cava for blood 
sampling and for detecting the existence of a 
right pulmonary vein with aberrant drainage into 
the superior vena cava.

From the right atrium, by pushing or by spin-
ning, the diagnostic probe is inserted into the 
right ventricle and from there, by spinning, into 
the pulmonary artery.

These maneuvers should be performed with gen-
tleness, especially in newborn’s cord, in order not to 
produce severe arrhythmias in conditions of signifi-
cant hypoxemia. In some cases, catheterization may 
be particularly difficult when there are abnormalities 
of the tricuspid valve implantation or significant 
infundibular stenosis.

Unsuspected anatomic abnormalities can be 
detected by an unusual catheter course—described 
in Fig. 37.4.

When approaching the internal jugular vein 
or subclavian vein, the diagnostic catheter is 
inserted through the superior vena cava and gen-
erally it requires fewer spinning maneuvers in 
order to insert the probe into the right ventricle 
and into the pulmonary artery. For these reasons, 
this approach, which may be easier, is preferred 
in some cases [4].

Right heart catheterization provides important 
hemodynamic data [6]:

•	 pressure in the right heart cavities guide us 
towards the existence of gradients in the tri-
cuspid or pulmonary valve, as well as in the 
pulmonary artery branches.

•	 sequential gradients may be detected, such as 
the association of infundibular stenosis of the 
right ventricle with pulmonary valve stenosis.

•	 cardiac shunts are detected and their direction 
(left to right or right to left).

•	 existence of pulmonary hypertension and its 
degree.

Fig. 37.2  Patient sitting on the catheterization table with 
venous puncture materials prepared for femoral approach. 
The femoral vein puncture is performed and the sheath is 
inserted into the right inguinal fold (arrow). On the sterile 
field, it can be seen a Seldinger needle, a 0.035′′ guidewire 
and the 5F sheath for the right femoral artery puncture
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•	 indicate if there is a secondary right heart 
injury caused by overload, after an impaired 
left ventricular valve.

Right heart angiography provides information 
about the anatomy of the cavities and the pulmo-
nary artery with its branches and it shows at what 
level left to right shunts exist and how significant 
they are angiographically [16].

Left heart catheterization has the two above-
mentioned pathways as ways to approach and 
it is most often done by insertion of a Pigtail 
catheter from the femoral artery into the aorta 
and then into the left ventricle. Blood samples 
can be collected to determine if there are any 

right to left shunts, pressures are measured 
to determine aorta or aortic valve gradients 
(sometimes there may be sequence gradients 
to explain the great pressure overload of the 
left ventricle).

Aortography brings additional data about [6]:

•	 diameter of the aorta at various levels, high
lighting the stenose or dilatation (very important 
in case of coarctation).

•	 aortic valve configuration (bi or tricuspid) and 
the mobility of the cusps.

•	 the existence of collateral vessels originating 
in the descending aorta, in the case of tetral-
ogy of Fallot.

Fig. 37.3  Presentation 
of various maneuvers 
that may be performed 
during right heart 
catheterization. (1) the 
catheter in right atrium 
(RA). (2) the catheter in 
superior vena cava 
(SVC). (3) larger loop of 
probe in right atrium 
may be required to reach 
the tricuspid valve, 
maneuver useful in 
catheterization of a 
dilated right heart. (4) 
the probe in right 
ventricle (RV). (5) the 
catheter in pulmonary 
artery (PA). (6) Pigtail 
catheter in left ventricle 
(LV).
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•	 shows pulmonary circulation in duct dependent 
heart disease.

•	 highlights the existence of any aortopulmo-
nary window.

37.11	 �Hemodynamics

Having hemodynamic data, we understand the 
recordings of blood pressures and oximetry 
from various cavities of the heart with the 
purpose of establishing the direction of a shunt 
(left to right, right to left or bidirectional), as 
well as its significance.

Absolute pressures are measured in mmHg, the 
hydrostatic point being 6 cm below the manubrium 
of the sternum or half the anteroposterior diameter 
of the chest [19].

Three types of pressure are recorded in each 
cavity: systolic pressure (S p), diastolic pressure 
(D p) and mean pressure (Mp).

Starting from the values of blood pressure, 
blood oximetry and oxygen consumption, the 
following hemodynamic data are calculated 
[6]:

•	 pulmonary and systemic blood flow.
•	 shunt flow (left to right, right to left).

a b

c d

e f

Fig. 37.4  Abnormal 
probe course. (a) the 
course of the catheter 
from right atrium (RA) 
passed into the left 
atrium (LA) (atrial 
septal defect). (b) the 
position of catheter is in 
the right pulmonary vein 
(PV). (c) injection of 
contrast agent in right 
pulmonary vein with 
drainage normal in left 
atrium (diagnosis PFO). 
(d) the course of the 
catheter from right 
atrium- left atrium and 
left ventricle. (e) 
contrast agent injected 
in left ventricle (LV) 
through atrial septum. 
(f) catheter crossing 
from the pulmonary 
artery (PA) to 
descending aorta (A0) 
by patent ductus 
arteriosus
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•	 shunt location (atrial, ventricular, aortic-
pulmonary or intrapulmonary).

•	 vascular resistance (total pulmonary, arteriolar 
pulmonary, capillary pulmonary, systemic).

•	 stenosis in valve area.

Normal values of pressures in the heart cavities 
and large vessels are listed in the table below 
(Table 37.5).

Pressure curves in cavities of the heart have 
different morphologies [4]:

•	 The morphology of the right atrial pressure curve 
may provide information about the barrier in 
front of the right ventricle when excessive dia-
stolic pressure or high wave “v” which shows 
significant tricuspid insufficiency.

•	 Increased end-diastolic pressure in the right 
ventricle shows low compliance.

•	 high pressure curve with plateau in the right 
ventricle shows a barrier in the right ven-
tricle ejection pathway (pulmonary valve  
stenosis).

•	 The flattened pulmonary artery pressure curve 
is recorded when there is a tight valvular ste-
nosis that prevents optimal ventricular ejection.

Not all pressures in the cavities are important, 
but the followings should be remembered: right 
atrium mean pressure, systolic and end-diastolic 
pressure in the right ventricle, as well as systolic, 
diastolic and mean pulmonary artery pressures.

	(A)	 Right atrium pressure curve. The normal 
right atrial pressure waveform is character-
ized by two positive waves, a (right atrial 
contraction) and, v,(ventricular systole and in 
the same time the passive venous filling of 
the atrium, representing atrial diastole). The 
normal RA pressure waveform present three 
negative deflections: x, (atrial relaxation fol-
lowed by atrioventricular valve closure), x, 
(combined effects of continued atrial relax-
ation and ventricular contraction).

	(B)	 Right ventricle pressure curve. Normal is 
marked by a rapid rise during isovolumic 
contraction followed by the peak systolic 
pressure before isovolumetric relaxation 
(RVS p) and minimum diastolic pressure 
(RVED p) (arrow).

	(C)	 Pulmonary artery pressure curve. The pressure 
wave is characterized by a relatively slow 
upstroke, peak systolic pressure (PAS p), a 
small dicrotic notch (arrow) and slow fall to 
end diastole (PAD p).

	(D)	 Aortic pressure curve. It is systolic rise, 
peak aortic pressure (AoS p) and a variable 
dicrotic notch on the downstrocke (arrow) 
(Fig. 37.5).

When we want to know left atrial pressure 
and the interatrial septum is intact, we can indi-
rectly measure it by measuring the pressure in pul-
monary capillary with a free-tip diagnostic probe 
inserted into the pulmonary artery and pushed 

Table 37.5  Normal values for intravascular pressure

Intravascular pressures in normal subjects (children and adults)
Measured parameter Symbol Mean S.E S.D
Mean pressure in the right atrium RA p 2 ±1 ±4
Right ventricular end-diastolic pressure RVED p 3 ±1 ±5
Right ventricle systolic pressure RVS p 20.0 ±3 ±10
Systolic gradient between the right ventricle and the pulmonary artery RV/PA 3.8 ±1 ±3.8
Pulmonary artery systolic pressure PAS p 20 ±1 ±10
Pulmonary artery diastolic pressure PAD p 6 ±1 ±6
Mean pulmonary arterial pressure PAM p 13 ±1 ±5
Pulmonary capillary mean pressure PCW p 6 ±4 ±8
Aortic systolic pressure AoS p 120 ±30 ±20
Aortic diastolic pressure AoD p 70 ±10 ±20
Mean aortic pressure Aom p 90 ±10 ±10
Left ventricle end-diastolic pressure LVED p 9 ±1 ±7

There are no significant differences between different age groups [17]
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Fig. 37.5  (1) Waves of 
normal pressure 
recorded on the m.onitor 
in the control room 
within catheterization 
laboratory. (2). Normal 
pressure curves in 
various cavities of the 
heart: (a). Right atrium. 
(b) Right ventricle.  
(c) Pulmonary artery.  
(d) Aorta.
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distally into a more peripheral branch. Pulmonary 
capillary pressure is also called “blocked” pres-
sure, and its value is close to pulmonary arterial 
end-diastolic pressure [20].

In congenital malformations is important to 
measure accurately the pressures of the blood in 
the heart cavities in order to find: transvalvular 
pressure gradients or on the trajectory of some 
blood vessels (branches of the pulmonary artery 
or aorta) and insufficiencies (aortic, pulmonary, 
mitral or tricuspid).

Pull-back pressure from one cavity to another is 
important in order to determine valvular gradient, 
on a diagnostic probe (Fig. 37.6).

Thus, by withdrawing the catheter and by 
measuring the pressure, it can be determined [6]:

•	 pulmonary or aortic transvalvular gradients, at 
the level of branches of the aorta or pulmonary 
artery.

•	 the severity of stenosis, and if the gradient 
is high, a balloon dilation therapy is to be 
considered.

•	 location of stenosis, if it is in the valve or in 
the right ventricular ejection outflow tract.

•	 existence of seqential gradients at different lev-
els and the severity of each one (valvular steno-
sis associated with infundibular stenosis).

37.12	 �Direct Oximetry

Measurement of the oxygen concentration in the 
blood collected through the diagnostic catheter 
can be done by chemical analysis (Van Slyke), 

electromechanical or photometrical in two wave
lengths, red and infrared. Photometric method is 
the most common, because it is fast, convenient and 
requires small quantities of blood [4, 19, 20].

Oximetry is required to calculate the pul
monary blood flow according to Fick principle 
and to diagnose the shunts between the two cir
culations [15].

Blood samples are collected from the following 
cavities: inferior vena cava, superior vena cava, 
right atrium, right ventricle, pulmonary artery, aorta 
and left ventricle. The term shunt means a short 
circuit of the normal circuit that the blood has 
through different cavities of the heart.

Shunts in the heart can be divided into three 
major categories according to the direction that 
the blood flow has passing the short circuit and 
then, according to the level at which these shunts 
are located.

The three major categories are [4]:

•	 left to right shunt, consists in abnormal pass-
ing of a quantity of oxygenated blood from the 
cavities in the left side of the heart into cavities 
in the right side and it is marked with “y”

•	 right to left shunt, consists in abnormal pass-
ing of a quantity of non-oxygenated blood 
from the right cavities to the left ones and it is 
marked with “x”

•	 bidirectional, consists in passing of blood flow 
in both directions, left to right and right to left, 
simultaneously in a cavity and, usually, it 
signals a major pulmonary hypertension.

Left to right shunt leads, hemodynamically, to a 
volume overload with increased pulmonary blood 
flow in the lung. Increased pulmonary blood flow 
can cause, over time, an increase in pulmonary 
resistance consecutive with the increase in pul
monary arterial systolic pressure and the occurrence 
of secondary pulmonary hypertension.

Pulmonary hypertension by increased pul
monary blood flow occurs at young age when the 
shunt is large and located in the ventricle (large 
VSD) or lung (often, aortopulmonary window). 
Left to right shunt is detected by comparing the 
oximetry of the blood samples collected and, 
depending on the cavity where oximetry grows, 

Fig. 37.6  Pull-back pressure pulmonary artery—right 
ventricle, pressure gradient of 180 mmHg, diagnosis of 
tight pulmonary valve stenosis
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it is considered that there is an abnormal com-
munication, as follows [6]:

•	 at the level of superior vena cava—partial or 
total anomalous pulmonary venous drainage.

•	 at the level of the right atrium (anomalous 
pulmonary venous drainage or atrial septal 
defect), marked with y.

•	 at the level of the right ventricle (ventricular 
septal defect)), marked with y’.

•	 at the level of the pulmonary artery (patent 
ductus arteriosus or aortopulmonary window), 
marked with y”.

The oximetry difference between two succes-
sive cavities is significant, if it exceeds 10% for the 
right atrium, 7% for the right ventricle and 5% for 
the pulmonary artery [4].

Right to left shunt manifests by desaturation 
of left cavities at a certain level, systemic satura-
tion decreasing below 93% [6]:

•	 at the level of the left atrium, in complex con-
genital maladies (tricuspid atresia, trilogy of 
Fallot, transposition of the great vessels with 
atrial septal defect) marked with x.

•	 at the level of the left ventricle in the outflow tract 
in the ventricular septal defect, marked with x’.

•	 at the level of the aorta (ventricular septal 
defect, tetralogy of Fallot) marked with x”.

•	 at the level of the descending aorta in patent duc-
tus arteriosus with Eisenmenger’s syndrome.

It should be noted that not every child with cya-
nosis has a cardiac disease because there may be 
also peripheral cyanosis central cyanosis of non-
cardiac causes. In adults, peripheral arterial desat-
uration is often due to alveolar hypoventilation 
caused by increased sedation, pulmonary disease, 
pulmonary edema, cardiogenic shock [4, 18].

37.13	 �Cardiac Output

It should be measure the pulmonary blood flow (Q 
p), systemic blood flow (Q s) and eventually right 
to left shunt flow (Q x) or left to right shunt flow 
(Q y).

The most accurate method to determine car-
diac output is based on the principle of Fick 
[19, 20]:

	
Q

Vo

Co A Co V
=

-
2

2 2 	

where the numerator is the oxygen consumption, 
and the denominator the arteriovenous diff
erence in blood oxygen which comes in and 
out of the body.

In patients without cardiac shunts, the pulmonary 
flow is equal to the aortic flow.

Determining shunts at different levels is based 
on a well-determined algorithm [19]:

	1.	 Determine mixed venous saturation:

	
Mixed venous saturation

SVC IVC
=

( ) + ( )3

4 	

	2.	 Calculated pulmonary blood flow (Q p):

	

Qp
O consumption BSA

PVsat PAsat Hgb ,
=

´
-( )( )( )

2

13 6
	

	3.	 Calculate systemic blood flow (Q s):

	

Qs
O consumption BSA

Aosat MVsat Hgb ,
=

´
-( )( )( )

2

13 6
	

	4.	 Calculate shunt flow:

	 Shut flow Qp Qs= - 	

	 Shut ratio Qp Qs= / 	

Hemoglobin = Hgb
Superior vena cava = SCV
Inferior vena cava = ICV
Body surface area = BSA
Pulmonary vein = PV
Pulmonary artery = PA
Aorta = Ao
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Simplified formula for determination of shunt 
ratio is [19, 20]:

	

Qp

Qs

Aosat MVsat

PVsat PAsat
=

-( )
-( ) 	

In patients with left to right shunt, pulmonary 
flow is greater than systemic flow, because of 
systemic passage of oxygenated blood from the 
left cavities into the right ones [19].

	 Qp Qs left-to-right shut flow= + 	
In patients with right to left shunt, pulmonary 

flow is lower than systemic flow, because of the 
volume load of systemic blood flow with non-
oxygenated blood [19].

	 Qs Qp right-to-left shut flow= + 	
After determining the hemodynamic signi

ficance of cardiac shunts, it can be established the 
therapeutic conduit, because trivial shunts with-
out hemodynamic significance will not be closed 
either surgically or interventionally [6].

37.14	 �Vascular Resistance

The force of friction that the vascular wall opposes 
the passage of blood flow is called vascular resis-
tance. It is determined by several factors: laminar 
or turbulent blood flow regimes, the elasticity of 
the great arteries, systolic blood pressure growth 
rate, but the most important factor remains fric-
tion between the blood and the walls of the ves-
sels, friction that is directly proportional to the 
degree of narrowing of the vascular lumen [16].

The most important level, in terms of resis-
tance, has the arteriole that has a much smaller 
diameter than the elastic arteries. The greatest 
variation in vascular resistance happen at arterio-
lar level, because of its ability to change the 
lumen depending on vasomotricity [4].

The hemodynamic formula that relates resis-
tance (R) with cardiac output (Q) and pressure (P) 
is: [6].

	
R

P
Q

=
	

formula: [19].

	

R
P mmHg

Q mls
din s cm( )× × = ×

( )
( )

-
-

5

1
1332

	
where 1332 is the factor for converting.
Considering that, normally, the vascular resist

ance increase and decrease in order to counterbalance 
variations of blood flow, increases in resistance may 
be physiological or pathological due to increased 
pulmonary flow.

In practice, the most important pulmonary resis
tances are: total systemic resistance (SVR), total pul-
monary resistance (PVR), pulmonary arterial 
resistance (PAR) and capillary resistance (PCWR).

Their calculation formulas are listed below: 
[4, 19].

	

SVR
mean Aop mmHg

QAo mls
din s cm( )× × = ×

( )
( )

-
-

5
1

1332

	

PVR
meanPAp mmHg

QPA mls
din s cm( )× × = ×

( )
( )

-
-

5
1

1332

	

	

PAR

meanPAp PCWp mmHg

QPA mls

din s cm( )× ×

= ×
( )

( )

-

-
-

5

1
1332

	

	

PCWR

meanPCWp mmHg

QPA mls

din s cm( )× ×

= ×
( )

( )

-

-

5

1
1332

	

Normal values are: SVR 700–1500 din ∙ s ∙ cm−5 
and PAR < 2.5 Wood unit.

1 Wood unit = 80 din ∙ s ∙ cm−5.
From the pulmonary resistance values, we can 

see the hemodynamic resonance that an increased 
pulmonary flow has on the vascular bed.

Pulmonary hypertension with increased flow 
is often a minor hypertension since pulmonary 
vascular bed adapts to the increased flow by dilat-
ing itself (decrease of resistance) [6].
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Quantification of pulmonary hypertension 
is important for subsequent therapeutic conduit 
[16].

	(a)	 Normal values <4 WU.
	(b)	 Moderate PH 5–7 WU.
	(c)	 Severe PH  >  8  WU.  Where WU is Wood 

units.

Any surgical or interventional maneuver in 
congenital heart disease is performed up to 
8  WU, over this value corrective treatment is 
contraindicated [18].

37.15	 �Angiography

Angiography represents the injection of a con-
trast agent into a heart cavity in order to visualize 
the anatomy and blood flow in the heart cavities, 
it highlights cardiac shunts and their hemody-
namic significance.

If a contrast agent is injected into the right 
ventricle, the pulmonary artery is visualized, but 
the left-side of the heart cavities can also be 
seen on the left angiography (especially useful 
for newborns, where it cannot be injected a large 
amount of contrast media). When performing 
angiography, iodine-based contrast agent is 
used, more commonly ionic and hyperosmolar 
preparations that may have side effects: allergic 
reactions, renal toxicity, bradycardia and myo
cardial depression.

Non-ionic and iso-osmolar contrast agents are 
used today in current practice, thus reducing the 
risk of side effects [16].

There are some standard angiographic project
ions that can visualize better the anatomical struct
ures of the heart, that provide data for a correct 
diagnosis of complex congenital heart diseases.

Right ventricle and pulmonary artery can be 
visualized from postero-anterior (PA) projections, 
and the trunk and the branches of the pulmonary 
artery from left anterior oblique (LAO) view with 
Cranial projection. LAO 60° projection is fre-
quently used to visualize ventricular septum, thus 
interatrial and interventricular septs run making 
possible to highlight shunts at these levels.

These angles of the image intensifier are most 
often used to highlight the heart structures and 
shunts, but sometimes they are not useful in spe-
cial situations such as dextrocardia and mesocar-
dia. In these situations, non-standard angles will 
be used to give a better image of the cavities and 
septs in order to highlight the shunts [6].

Angiography determines cardiac shunts and 
their size (Figs. 37.7, 37.8, 37.9 and 37.10).

Cardiac catheterization and angiography rep
resents a very useful diagnostic tool in the diagno-
sis of congenital heart defects and, in the last years, 
an efficient method of treatment by interventional 
maneuvers.

Fig. 37.7  Aortic angiography highlighting patent ductus 
arteriosus and loading of the pulmonary arterial trunk

Fig. 37.8  Aortography that highlights tight diaphrag-
matic coarctation of the aortic isthmus (arrow)
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Fig. 37.10  Tetralogy of Fallot. Injection the contrast 
media in right ventricle with simultaneous visualization of 
pulmonary artery and aorta. It is very tight stenosis of the 
outflow tract of right ventricle (arrow)

a

b

Fig. 37.9  (a) Injection into the left ventricle shows the 
pulmonary artery. (b) Injection into the right ventricle 
shows the aorta. Based on angiography, transposition of 
the great vessels may be diagnosed

L. Pinte et al.
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3D Printing As a New Technique 
in Management of Right Heart 
Pathology

Zhonghua Sun

Abstract

Three-dimensional (3D) printing has shown 
great promise in recent years, with increasing 
applications in medicine. 3D printing in car-
diovascular disease is another potential field 
with cardiovascular applications comprising 
the use of patient-specific 3D printed models 
for diagnosis, medical education and training, 
pre-surgical planning and simulation of com-
plex interventional cardiovascular procedures. 
This chapter provides an overview of the use-
fulness of 3D printed models in cardiovascu-
lar disease with a focus on the applications in 
right heart diseases.

Keywords

Application · Cardiovascular disease · Education  
Model · Simulation · Three-dimensional 
printing

38.1	 �Introduction

Three-dimensional (3D) printing technology was 
introduced in late 1980s [1], and the technique has 
grown rapidly over the last few years to include 

many applications in medicine with use of differ-
ent manufacturing technologies. Several 3D print-
ing technologies are used for printing 3D physical 
models in medicine, including stereolithography 
apparatus, fused deposition modelling, laminated 
object manufacturing, electron beam melting, 
selective laser melting or sintering and polyjet 
technology [1–4]. Of these technologies, stereo-
lithography apparatus is the most widely used 3D 
technique in medicine, in particular in surgery due 
to its greatest accuracy and best surface finish for 
any 3D printing technology [4]. The 3D printed 
model with use of this technique is robust and 
relatively light [5, 6]. Polyjet is another technique 
that is commonly used in 3D printing of anatomy 
models as it is capable of producing highly com-
plex models such as complicated cardiac anatomy 
with smooth surfaces and very thin layer (resolu-
tion up to 0.016 mm) [7]. This technique is also 
able to manufacture flexible, patient-specific 
models with different materials to replicate com-
plex anatomical structures with high accuracy. 
Table 38.1 summarizes the 3D printers and mate-
rials that are currently available in medical field 
for 3D printing [8].

Due to complexity of cardiac anatomy and 
pathology, it is important to have advanced pre- 
and peri-procedural imaging tools to fully appre-
ciate the complicated cardiovascular conditions 
by cardiologists or cardiac surgeons. Currently, 
3D imaging datasets acquired with 3D echocar-
diography, cardiac computed tomography (CT) 
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and magnetic resonance imaging (MRI) display 
the images on a two-dimensional (2D) flat screen 
which do not reflect the actual cardiac structures 
[9, 10]. Further, these images lack of providing 
precise information on structural depth of cardiac 
anatomy and pathology. To overcome these limi-
tations, 3D printed-physical models have been 
proven to be effective in demonstrating patient’s 
anatomy, simulating of surgical or interventional 
cardiac procedures and planning of highly com-
plex procedures [11–14]. This chapter provides 
an overview of 3D printed models in cardiovas-
cular disease, with a focus on the applications in 
right heart diseases.

38.2	 �Image Data Segmentation

The first step to create a patient-specific 3D 
printed model is to acquire high resolution images. 
An imaging dataset suitable for 3D printing must 
be isotropic of high spatial resolution (ideally 
slice thickness less than 1 mm). The 2D images 
are reconstructed into 3D volume rendering data-
sets which undergo the process of image process-
ing, called segmentation in Digital Imaging and 
Communications in Medicine (DICOM) format. 
The purpose of segmentation is to separate car-
diac structures of interest including pathologies 
from surrounding irrelevant structures such as 
bones, lungs or soft tissues. The use of contrast 
medium in cardiac CT and MRI imaging enables 
images to be displayed as high attenuation or high 
signal intensity which allows for differentiation of 
intracardiac or intravascular structures from the 

low intensities of adjacent tissues or structures 
[10, 11]. Further image processing of 3D volume 
data requires semi-automatic or manual process 
to improve the quality of the segmented images. 
In most of the cases, manual editing is necessary 
to confirm that all structures are delineated and 
the created geometry represents the true cardiac 
anatomy accurately.

When segmentation is complete, the digital 
model is saved as another standard called 
Standard Tessellation Language (STL) for 3D 
printing purpose because DICOM image file can-
not be used by 3D printers. The STL file also 
undergoes some further postprocessing to fix 
some small ‘openings’ resulting from the conver-
sion from DICOM to STL format. This process is 
performed to remove some particular structures 
or eliminate small ‘opens’ or ‘openings’ with the 
aim of demonstrating anatomy or pathology 
clearly [10, 15].

There are several commercial software plat-
forms and some open-source freeware packages 
available to perform the above steps including 
image processing and segmentation. The most 
commonly used commercial software is the 
Mimics Innovation Suite (Materialise, Leuven, 
Belgium) which includes a comprehensive set of 
segmentation and computer-aided design tools, 
while Osirix (Pixmeo, Geneva, Switzerland) 
offers free software for these steps [10, 16–19]. 
Analyze 12.0 (AnalyzeDirect, Inc., Lexana, KS, 
USA) is another commercial biomedical software 
which provides a variety of functions for image 
processing and segmentation [20–24]. Figure 38.1 
shows the steps of image processing, segmenta-

Table 38.1  Overview of 3D printing techniques and medical applications

Techniques Materials Advantages Limitations

Stereolithography Photopolymers High detail and precision, 
smooth surfaces

Moderate strength, 
high cost

Selective Laster sintering Polymers, metals High accuracy, good 
strength

High cost, powdery 
surface

Fused deposition Modeling Thermoplastic materials 
or eutectic metals

Low cost, good strength Low speed

Laminated object manufacturing Layers of paper or 
plastic films

Low cost, material stock 
easy to obtain

High material waste, 
slower printing

Inkjet printing techniques (such as 
ZPrinter 450, PolyJet and PolyJet 
matrix)

Fine powers such as 
plaster or starch

Low cost, high speed, 
multiple materials

Moderate strength, 
fail to mimic true 
tissue properties
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tion and conversion to STL file in a sample car-
diac CT dataset using Analyze 12.0.

38.3	 �3D Printed Models 
in Replicating Normal 
Cardiac Anatomy 
and Pathology

Patient-specific 3D printed models have been 
shown to accurately replicate complex cardiovas-
cular anatomy and pathology, with excellent 
agreement or correlation having been reported in 
the literature [14, 20, 25–30]. This is demon-
strated by correlating 3D printed models with 
echocardiographic, CT or MRI images in the 
diagnostic assessment of aortic disease, congeni-
tal heart disease and valvular diseases.

3D printed models based on 3D echocardio-
graphic images are also feasible in demonstrating 
congenital heart disease with high accuracy [26–
28]. In their early report, Binder et al. produced 3D 
models using 3D transesophageal echocardio-
graphic datasets in 13 patients with mitral valve and 
other cardiac disease [26]. All 3D printed models 
accurately depicted mitral valve anatomy and 
pathology, with disease extent, morphology and 
location correlated to intraoperative findings 
reported by the surgeon. This is confirmed by 
Olivieri et  al. in their study who generated 3D 
printed models based on 3D echocardiographic 
images from nine patients with congenital heart dis-
eases (eight with ventricular septal defects and one 
with perivalvar leaks) [27]. Long- and short-axis 

measurements of these diseases were performed 
and compared between 2D echocardiographic 
images and 3D models, with high correlation 
noticed between the two groups (Pearson correla-
tion coefficient of 0.988), and the mean error for 
each measurement was less than 1 mm, indicating 
high accuracy of 3D printed models.

Most of the 3D printed models are generated 
using high-resolution CT datasets with replica-
tion of cardiac anatomy and pathology (Figs. 38.2 
and 38.3). A recent study has shown high accu-
racy in the measurements of aortic aneurysm and 
aortic dissection between 3D printed models and 
original CT images [20]. In addition to depicting 
the location of aneurysm in the aortic arch, aortic 
dissection, especially the intimal flap separating 
the true lumen from false lumen is also visualized 
on 3D printed models as shown in Fig. 38.4. With 
measurements taken at six anatomical sites of the 
ascending and descending aorta, 3D printed mod-
els were found to accurately replicate these ana-
tomical structures with differences of less than 
0.8  mm when compared to those measured on 
original CT angiographic images [20]. Other 
studies have demonstrated the usefulness of 3D 
printed models in aortic roots and implanted aor-
tic valves [29, 31]. Ripley et  al. produced 3D 
printed models of aortic valves based on CT data 
from 16 patients with nine having paravalvular 
aortic regurgitation and seven normal cases as the 
control group [31]. There was excellent agree-
ment between 3D models and 2D CT data for 
annulus measurements, with mean difference less 
than 0.4 mm (95% limits of agreement ±1.3 mm) 

Patient DICOM data 3D reconstruction STL file 3D printed model

Fig. 38.1  Flow diagram shows the progress from origi-
nal DICOM CT data to a 3D depiction of the aorta and 
aortic aneurysm, generation of STL file for 3D printing. 
Reprint under the terms of open access article from Ho D, 

Squelch A, Sun Z. Modelling of aortic aneurysm and aor-
tic dissection through 3D printing. J Med Radiat Sci. 
2017;64:10–17 [21]
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(Fig. 38.5). 3D printed models of valve prosthe-
ses were also found to be highly accurate with 
measured dimensions within 0.1 mm.

3D printed models based on MRI imaging datas-
ets also showed high accuracy. Schievano and col-
leagues reported their experience of using MRI data 
to create 3D printed models [32]. Twelve patients’ 
MR images were analysed and segmented to con-

struct 3D models representing anatomical details 
and pathological changes. Excellent correlation was 
found between 3D printed models and 3D MR 
images in the measurement of narrowest dimensions 
of right ventricular outflow tract (r = 0.97, p < 0.01). 
Other case reports also confirmed the accuracy of 
3D printed models based on MRI data to replicate 
complex cardiac anatomy and pathology [33–37].

a b c

Fig. 38.2  3D printed models of aortic aneurysms. (a): 
3D printed patient-specific model shows an aneurysm 
involving the ascending aorta and aortic arch. (b): Anterior 
view of a 3D printed model with an abdominal aortic 

aneurysm. (c): Superior view of the same 3D printed 
model as shown in (b) showing the hollow structure of the 
abdominal aorta. IA innominate artery, LCA left common 
carotid artery, LSA left subclavian artery

a b c

Fig. 38.3  3D printed models of congenital heart disease. 
(a): 3D printed model of a 3-year-old boy with congenital 
heart disease showing pulmonary atresia with ventricular 
septal defect. An artificial artery is noticed to attach to the 
anterior wall of ascending aorta (long arrows) following 

Blalock-Taussig (BT) shunt. (b and c) (anterior and pos-
terior views): 3D printed model of an 8-year-old boy with 
congenital heart disease consisting of dextrocardia, pul-
monary atresia and malposition of aorta. LV left ventricle, 
SVA superior vena cava

Z. Sun
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38.4	 �3D Printed Models in Pre-
procedural Planning

Due to difficulty in fully understanding complex 
cardiac anatomy and pathology, 3D printing 
may overcome the limitations of 2D or 3D 
image visualizations and play an important role 
in providing a comprehensive assessment of 
various cardiovascular diseases. Integration of 

3D printed models into pre-operative planning 
increases efficiency of surgical interventions by 
decreasing operating time, reducing radiation 
exposure to patients during operative procedure, 
and assisting decision making in managing car-
diovascular disease by selecting the appropriate 
device size and type for a specific patient, 
achieving better outcome with reduced 
complications.

a

b

Fig. 38.4  3D printed patient-specific models of aortic 
aneurysm and aortic dissection. (a): 3D segmented recon-
structions of aortic aneurysm (first image), and Stanford 
type B aortic dissection (second and third images) based 
on CT angiographic images. (b): 3D printed models of 
aortic aneurysm and aortic dissection. White long arrow 

refers to the aortic aneurysm in the first model, and short 
arrows indicate the intimal flap separating the true lumen 
from the false lumen in the second and third models with 
aortic dissection. Black long arrow indicates the artefact 
in the second model
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With 3D printed physical models used in the 
operating room, complex cardiac structures were 
simplified by direct comparison between 3D 
printed models and the living heart, as reported 
by Mottl-Link et  al. [38]. Their experience 
showed that the exact position of the pathologies 
such as ventricular septal defect could be local-
ized accurately with physical models demonstrat-
ing views that could not be intraoperatively 
obtained. Further, virtual cuts could be performed 
on the physical models, thus assisting planning of 
the surgical approach or simulating interven-
tional procedures. Ryan et al. reported the use of 
3D printed model in a 1-day age of patient with 
congenital heart disease [39]. The model was 
shown to improve planning and guide placement 
of a central aortopulmonary shunt, with simula-

tion of stent deployment in the printed models. 
The amount of fluoroscopy time could be 
reduced, hence reducing radiation exposure. 3D 
printed models also clearly depicted other pathol-
ogies involving the aortic arch or pulmonary  
vessels [37, 40].

Schmauss et  al. presented their single centre 
experience in eight representative cases, showing 
the feasibility of using 3D printed models in pre-
operative planning and simulation [33]. 3D print-
ing has proven value in both adult and pediatric 
patients for preoperative planning of a variety of 
complex cardiac diseases. Other case studies also 
reported that the 3D printed models were useful 
for planning surgical and transcatheter interven-
tions through clear illustration of pathologies and 
facilitation of the simulation [30, 34, 35, 41, 42]. 

a

b

c

d

f

h

e

g

i

Fig. 38.5  3D printed models of the aortic root accurately 
depict morphology. (a–c): 3D printed aortic valve com-
plexes from two different patients demonstrating anatomy 
included in the models. RCA right coronary artery, LM left 
main artery. (d–e): 3D printed model from an individual 
patient (e) reproduces the geometry of the annulus as seen 
on CT (d). (f–g): 3D printed model from another patient 
(g) reproduces the geometry of the sinuses of Valsalva and 

coronary artery take-offs as seen on CT (f). (h–i): 3D 
models were printed in flexible material to mimic the elas-
tic properties of the aorta. Reprint with permission from 
Ripley B, Kelil T, Cheezum MK, et al. 3D printing based 
on cardiac CT assists anatomic visualization prior to 
transcatheter aortic valve replacement. J Cardiovasc 
Comput Tomor. 2016;10:28–36 [29]
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Schievano et al. evaluated 12 patients with pul-
monary valve diseases for deciding the suitability 
of receiving percutaneous pulmonary valve 
implantation (PPVI) through comparison of 3D 
printed models with MR images [32]. Their 
results showed that patient selection for PPVI 
was more accurate with use of 3D physical mod-
els than with MR images alone. Two observers 
were involved in determining the suitability of 
patients for PPVI and their accuracy was found to 
be increased to 75% and 75%, respectively, with 
use of 3D printed models, however, the accuracy 
for both observers was only 50% when MR 
images were used for assessment. This highlights 
the increased certainty by 3D printed models in 
clinical decision making when compared to con-
ventional MR findings alone.

Patient-specific 3D printed models have been 
found to play a role in pre-procedural planning of 
interventional procedures, such as development 
of the occluder device sizing for treatment of 
atrial septal defect (ASD) or ventricular septal 
defect (VSD) to ensure successful management 
of these congenital heart diseases (Fig. 38.6), and 
implantation of endovascular stent grafting 
(Fig. 38.7) [11, 43, 44]. Others reported the posi-
tive impact of 3D printed models on surgical 
management of cardiac tumors [45, 46].

38.5	 �3D Printed Models in Pre-
surgical Simulation

3D printing serves as a valuable tool for pre-
surgical simulation of cardiovascular and cere-
brovascular diseases [14]. 3D printing has been 
reported to be advantageous over conventional 
approach based on image visualizations on 
computer screen in the simulation of surgical 
and interventional procedures of cerebral aneu-
rysms [47–49]. Sodian et al. in their case report 
demonstrated the feasibility of simulating inter-
ventional procedure in an adult patient with 
replacement of aortic arch due to type A dissec-
tion, but developed pseudoaneurysm in the aor-
tic arch [30]. They tested surgical customized 
implants on the 3D printed model with improve-
ment of the surgeon’s or interventionalist’s 
understanding of complex cardiac anatomy and 
pathology, and assisted development of the opti-
mal interventional approach to reduce compli-
cations that may arise. Simulation of the stenting 
interventional procedures is proven to be feasi-
ble in another study with hypoplastic aortic arch 
in a 15-year-old boy [37]. 3D printed models 
were found to be extremely helpful in pre-pro-
cedural planning of catheterization intervention, 
in particular,  

Fig. 38.6  3D-printed model of an atrial septal defect 
(ASD) imaged by CT (left). 3D-printed model with 
bench-top implanted septal occluder device (yellow 
arrows) (middle). CT scan of septal occluder implantation 
within the 3D-printed model. LA left atrium, MV mitral 

valve, RA right atrium. Reprint with permission from 
Vukicevic M, Mosadegh B, Min JK, Little SH. Cardiac 
3D printing and its future directions. JACC Cardiovasc 
Imaging. 2017;10:171–184 [11]
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assisting interventional trainees to test and prac-
tice the procedure, determine the best delivery 
site, and be aware of potential complications 
associated with the procedure. Further improve-
ments in the 3D models in terms of replicating 
realistic vascular wall properties and hemody-
namic flow are necessary.

Shiraishi et  al. further demonstrated the sig-
nificant impact of performing surgical simula-
tions using 3D printed models on accurate 
diagnosis and treatment of complicated congeni-
tal heart disease (CHD) [41]. Twelve patient-
specific 3D models were created from eight 
pediatric cases with complicated CHD in their 
study. Both solid epoxy and rubber-like flexible 
models were fabricated for surgical simulation. 

The rubber-like models allowed for surgical sim-
ulation of treating different cardiac diseases, such 
as performing cut and suture operative proce-
dures on the aorta, pulmonary trunk or even intra-
cardiac structures.

Deployment of stents can be simulated on 
3D printed models, and this represents another 
unique application of 3D printing. Pre-operative 
simulation has been tested on a 3D printed 
model with complex cardiac disease showing 
the accuracy of depicting pathologies and 
improving successful procedure (Fig.  38.7) 
[13]. Other reports also confirmed the value of 
performing simulation on 3D printed models 
for appropriate patient selection for treatment 
[32, 37, 40].

Fig. 38.7  Transcatheter valve and stent implantation 
within patient-specific models. Bench top transcatheter 
aortic valve replacement (TAVR) performed within a 
model of aortic valve stenosis (top). Endovascular stent-
ing within models of aortic coarctation and a pulmonary 

artery (bottom). Reprint with permission from Vukicevic 
M, Mosadegh B, Min JK, Little SH. Cardiac 3D printing 
and its future directions. JACC Cardiovasc Imaging. 
2017;10:171–184 [11]
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38.6	 �3D Printed Models 
in Medical Education 
and Training

The role of 3D printing as a useful education tool 
has been reported in a number of studies [50–55]. 
Its applications are manifested in different areas 
such as for education and training of healthcare 
professionals and medical students, as well as 
facilitation of communication between parents 
and clinicians.

Biglino et  al. first reported the benefit of 
patient-specific 3D models in the doctor-patient 
communication [50]. Forty-five participants were 
assigned to the model group who were presented 
with 3D printed patient-specific models of their 
children’ heart diseases, and 52 participants to 
the control group who did not have any model 
during the consultation. Results showed that 3D 
printed models received higher scores indicating 
that they were very useful to improve communi-
cation between cardiologists and parents. A 
recent study by the same group evaluated young 
patient attitudes towards the 3D models and the 

impact of 3D models on their communication 
with cardiologists [51]. There were significant 
changes observed in knowledge, confidence and 
satisfaction (p < 0.05) among participants follow-
ing consultation through the use of 3D models 
when compared to the responses from pre-con-
sultation (Fig.  38.8). Most of the participants 
considered that the 3D models were fun, helped 
understanding of their condition and improved 
visits (Fig. 38.9).

Nurse education and training play an important 
role in providing high standards of care to patients 
with CHD [52, 53]. The usefulness of 3D printed 
models has been studied in nurse training in oph-
thalmology [54]. The same research group by 
Biglino et al. reported the advantages of 3D printed 
models for training cardiac nurses [55]. A total of 
nine models were presented to 100 cardiac nurses 
(65 pediatric cardiac nurses and 35 adult cardiac 
nurses) for assessment of the usefulness of the 3D 
models in terms of learning experience and facili-
tating understanding of cardiac anatomy. 3D 
printed models were considered useful to improve 
learning experience by 60% of participants,  
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Fig. 38.8  Statistically significant changes were observed 
in confidence (a), knowledge (b) and satisfaction (c) 
amongst participants comparing responses before (“Pre”) 
and after (“Post”) their consultation. Note for (a) 1 = Not 
at all confident—5 = Very confident; for (b) each point 
represents a point in knowledge, as marked according to 
the correct name of primary diagnosis, correctly identified 

keywords and correct use of diagrams; for (c) 1 = Very 
dissatisfied—5  =  Very satisfied. The red lines indicate 
average score. Reprint with permission under the open 
access from Biglino G, Koniordou D, Gasparini M, et al. 
Piloting the use of patient-specific cardiac models as a 
novel tool to facilitate communications during clinical 
consultations. Pediatr Cardiol. 2017;38:813–818 [51]
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provide more information than diagrams by 74% 
of participants. Further, the 3D models were found 
to understand the overall anatomy, spatial orienta-
tion and complex anatomy after treatment by 86, 
70 and 66% of participants, respectively. Similarly, 
Costello et al. reported significant improvements 
in knowledge acquisition, knowledge reporting 
and structural conceptualization (p  <  0.05) of 
VSDs by 29 premedical and medical students 
[56]. Using 3D printed models of VSDs, residents’ 
ability to describe and manage postoperative com-
plications in VDS patients was also improved.

Lim et al. conducted a randomized control trial 
to compare student performances with use of 3D 
printed models as opposed to the traditional 
cadaver-based curriculum [57]. 3D printed models 
only, cadaveric materials only and a combination 
of 3D models and cadaveric materials were pre-
sented to 16, 18 and 18 first year medical students, 
respectively for assessment of learning objectives 
in terms of identifying external cardiac anatomy 
(identification of cardiac surfaces and chambers, 
grooves, coronary arteries and veins, as well as 
great vessels in relation to the above-mentioned 
structures). Test scores were significantly increased 
in the 3D models only group when compared to 
the other two groups (p < 0.05). Surprisingly, no 

significant difference was found in the test scores 
between cadaveric materials only and the com-
bined groups (p = 0.080). 3D printed models dem-
onstrate advantages over cadaveric materials and 
may serve as supplements to traditional curricu-
lum for anatomy teaching and learning.

38.7	 �Summary

3D printing has shown great promise in medicine. 
Patient-specific 3D printed models have been 
increasingly used in the diagnosis and preopera-
tive planning of cardiovascular disease. The 
majority of 3D printing applications involve con-
genital heart diseases and great vessels and valvu-
lar diseases. This chapter has provided an overview 
of the applications of 3D printed models in a vari-
ety of cardiovascular diseases, which range from 
accurate replication of normal cardiac anatomy to 
delineation of cardiac pathology, pre-procedural 
planning and pre-surgical simulation of complex 
cardiac diseases, and to the assistance on medical 
education and training. Patient-specific 3D printed 
models are changing current clinical practice and 
may have significant impact on life-saving proce-
dures in the near future.

(a) Model is fun (b) Model helps understanding

(c) Model improve visit (d) Model made me anxious

45%
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60%
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Strongly disagree
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16%

16%
35%
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Fig. 38.9  Summary of 
participants’ level of 
agreement to different 
statements on 3D 
models. Reprint with 
permission under the 
open access from 
Biglino G, Koniordou D, 
Gasparini M, et al. 
Piloting the use of 
patient-specific cardiac 
models as a novel tool to 
facilitate 
communications during 
clinical consultations. 
Pediatr Cardiol. 
2017;38:813–818 [51]
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Inhaled Vasodilators in Right Heart 
Failure
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Abstract

This chapter presents a brief description for 
the use of inhaled vasodilators in the manage-
ment of right ventricular failure (RVF) in car-
diac surgical patients. The effects of inhaled 
vasodilators extend beyond the right heart and 
pulmonary circulation and can also be seen on 
the portal vein and on cerebral oxygenation. 
Agents such as milrinone and epoprostenol, 
which are typically administered intrave-
nously, can exert a more localized effect when 
aerosolized. In this form, these drugs can 
selectively lower pulmonary pressures with-
out exhibiting a systemic effect, thus showing 
to be beneficial in the management of right 
ventricular (RV) dysfunction.

The experiences described in this chapter 
originate from researchers at the Montreal 
Heart Institute (MHI) in Quebec, Canada. The 
MHI is an ultraspecialized hospital centre 
dedicated to care, research, teaching, preven-
tion, rehabilitation, and the assessment of new 
technologies in cardiology. It is affiliated with 
Université de Montréal.
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ET-1	 Endothelin-1
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LV	 Left ventricular
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NO	 Nitric oxide
OR	 Operating room
PAP	 Pulmonary artery pressure
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PDE-3	 Phosphodiesterase type 3
PDE-5	 Phosphodiesterase type 5
PGI2	 Prostacyclin
PH	 Pulmonary hypertension
Prv	 Right ventricular pressure
RA	 Right atrial
rSO2	 Regional oxygen saturation
RV	 Right ventricle
RVF	 Right ventricular failure
TEE	 Transesophageal echocardiography
TTE	 Transthoracic echocardiography
TXA2	 Thromboxane A2

39.1	 �Inhaled Vasodilators: Mode 
of Action and Rationale 
for Combination Therapy

Pulmonary hypertension (PH) is a hemodynamic 
problem that can result in right ventricular failure 
(RVF). It has a complex pathophysiology and is 
associated with increased morbidity and mortality.

Cardiac surgical patients with PH carry a 
higher risk for surgery than those without PH 
[1–4]. Complications such as pneumonia, pro-
longed mechanical ventilation, renal failure, car-
diac arrest, and multiple organ system failure 
occur more frequently with increasing mean pul-
monary artery pressure (MPAP) [5]. In patients 
with severe PH, the incidence of major postop-
erative complications was previously reported at 
32% [5]. Mortality in PH is most closely associ-
ated with RV hemodynamic function [6]. RVF 
after cardiac surgery has previously been reported 
with mortality rates varying from 37% to 90% 
[7–9]. Moreover, cardiogenic shock secondary to 
RVF can have mortality rates as high as 53% 
[10]. What will determine survival in the post-
operative period is the ability of the right heart to 
cope with the added strain of augmented pulmo-
nary pressure [11].

Management of patients with PH is particu-
larly challenging. In recent years, despite the 
emergence of new therapies for PH, treatment of 
PH with or without RVF failure in the operating 
room (OR) and in the intensive care unit (ICU) 
remains a challenge and relies primarily on 

expert opinion [12]. Despite advances in periop-
erative management, registry data from the 
International Society of Heart and Lung 
Transplantation show that RV dysfunction 
accounts for 50% of all cardiac complications 
and 19% of all early deaths in patients after heart 
transplantation [13]. Treatment of patients with 
PH and RVF is particularly challenging since 
mechanical ventilation and volume resuscitation 
typically used may worsen hemodynamics [14]. 
In the cardiac surgery patients, although thera-
peutic strategies should focus on prevention of 
both acute perioperative PH and exacerbation of 
pre-existing PH, in the event of a sudden onset of 
perioperative PH, therapy should aim at resolu-
tion of PH and supportive therapy for the RV 
[15]. Appropriate management entails not only 
treatment of symptoms in order to avoid RVF but 
also parallel treatment of the underlying cause of 
PH so as to avoid its exacerbation, which could 
lead to the death of the patient [12].

39.1.1	 �Mode of Action of Inhaled 
Vasodilators

Intravenous vasodilators have traditionally been 
used in managing PH in heart surgery, but they 
lack specificity for the pulmonary circulation and 
their systemic hypotensive effects often limit their 
use [16]. This limitation highlights the need for 
selective pulmonary vasodilators for this cohort of 
patients. Nebulization of drugs could provide 
such localized pulmonary vasodilation with little 
or no clinically significant hypotension [17]. In 
addition, inhalation of drugs may improve venti-
lation/perfusion matching by promoting regional 
vasodilation in well-ventilated areas of the lungs 
thereby redirecting pulmonary blood flow away 
from poorly ventilated alveoli, whereas their 
intravenous administration may worsen ventila-
tion/perfusion matching by causing non-selective 
pulmonary vasodilation [18–23].

Endothelial dysfunction plays a central role in 
the initiation and progression of PH. The endo-
thelium releases a variety of growth factor, 
thromboregulatory and vasoactive mediators in 
response to physical and chemical stimuli, which 
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affect cell growth and proliferation as well as 
vascular contractility of pulmonary vessels [24]. 
Maintenance of pulmonary vascular tone is a 
critical function of the pulmonary endothelium, 
and is achieved through a balance between vaso-
dilator, growth inhibitor and fibrinolytic/antiag-
gregant endothelial factors such as prostacyclin 
(PGI2) and nitric oxide (NO), and vasoconstric-
tor, growth-promoting and thrombotic inducing 
factors such as endothelin-1 (ET-1) and throm-
boxane A2 (TXA2) [25, 26]. Endothelial dysfunc-
tion causes an imbalance of these factors leading 
to impaired production of PGI2 and NO and pro-
longed overexpression of ET-1 and TXA2, thus 
promoting pulmonary vasoconstriction and vas-
cular remodelling [26, 27].

A fundamental understanding of the imbal-
ance between these vasoactive mediators was 
key to identifying the three major pathways, 
endothelin, PGI2 and NO, involved in the devel-
opment and progression of PH, which in turn 
provided molecular targets for the development 
of new therapies [27–30].

39.1.2	 �Rationale for Combination 
Therapy

As stated above, the mechanisms promoting 
development and disease progression of PH 
involve multiple pathways. Given the complexity 
of the disease, treatment with a single therapeutic 
agent may not be sufficient to completely reverse 
or halt progression of pathologic changes. 
Therefore, combination therapy, using multiple 
drugs of different classes to simultaneously target 
different mechanistic pathways of the disease, is 
in theory an attractive option. The rationale 
behind combination therapy is threefold. 
Combining drugs with different mechanisms of 
action may not only have an additive effect but 
may also act in synergy to improve treatment 
success [31]. Furthermore, it is believed that by 
enhancing treatment efficacy, lower doses of 
each drug may be required in combination ther-
apy, thereby decreasing toxicity and reducing the 
risk of adverse events [32]. Two systematic 
review and meta-analysis studies were recently 

published comparing the effects of combination 
therapy with monotherapy for the treatment of 
PH [33, 34]. Both studies reported that combined 
therapy for PH is associated with a significant 
reduction in clinical worsening compared with 
monotherapy. In addition, these meta-analyses 
showed that combination therapy improves pul-
monary hemodynamics, exercise capacity, and 
functional status, while reducing the risk for 
admission to hospital, treatment escalation, and 
symptomatic progression.

As previously mentioned, either an additive or 
a synergistic effect can explain the amplified 
hemodynamic response obtained when combin-
ing therapies. As we will see below, an example 
for the additive effect is the combination of PGI2 
and a phosphodiesterase (PDE) type 3 (PDE-3) 
inhibitor, whereas the combination of PGI2 and a 
type 5 PDE (PDE-5) inhibitor demonstrate the 
synergistic effect.

39.1.2.1	 �Additive Effect 
of Combination Therapy

Combining inhaled vasodilators with different 
mechanisms of action amplifies the pulmonary 
vasodilator response. The additive effect of a 
combination therapy can be attributed to the use 
of several drugs that act through different and 
complementary pathways [35]. Haraldsson et al. 
[36] were the first to report on the effects of 
inhaled milrinone in patients with PH in the con-
text of cardiac surgery. Their study concluded 
that not only is inhaled milrinone a selective pul-
monary vasodilator, it also seems to have an 
additive pulmonary vasodilator effect to epopro-
stenol, without systemic effects.

Furthermore, Schermuly et al. have shown in a 
series of animal studies that low-dose PDE inhib-
itors amplify the pulmonary vasodilator response 
to inhaled PGI2 in experimental PH [37–39]. 
Authors first showed in a rabbit model of PH that 
a sub-threshold dose of an intravenous monose-
lective PDE-3 inhibitor causes significant ampli-
fication of the pulmonary vasodilatory response 
to inhaled PGI2 without any systemic effects 
[37]. Since the intravenous administration of 
PDE-3 inhibitor alone was associated to a dose-
dependent pulmonary vasodilation accompanied 
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by a decrease in systemic pressure, a sub-
threshold dose, with no effect of PDE inhibition 
on the pulmonary vascular tone, was utilized in 
combination with inhaled PGI2. PDE-3 inhibition 
enhanced the MPAP reduction and prolonged the 
post-nebulization vasodilatory effects of PGI2 
aerosolization. In addition, results of a sub-
threshold level of a dual-selective PDE-3/PDE-4 
inhibitor were comparable to those obtained with 
a mono-selective PDE-3 inhibitor. Furthermore, 
in a subsequent experiment, Schermuly et al. [38] 
showed that co-aerosolization of non-specific 
and dual-specific PDE inhibitors can also enhance 
the vasodilatory response to inhaled iloprost, a 
PGI2 analogue. In contrast to intravenous PDE 
inhibitors, nebulization of sub-threshold doses 
neither amplified nor prolonged the iloprost-
induced drop in MPAP. Nevertheless, when aero-
solized in doses inducing a moderate decrease in 
MPAP, both non-specific and dual-specific 
(PDE-3/PDE-4) PDE inhibitors doubled the 
MPAP reduction in response to iloprost and sig-
nificantly prolonged this response in the absence 
of any systemic effects or deterioration of gas 
exchange. However, a study by Ghofrani et  al. 
[40] in patients with pre-capillary PH, showed 
that even sub-threshold (ineffective) doses of a 
PDE-3/4 dual selective inhibitor are effective at 
amplifying and prolonging the vasodilatory 
effects of inhaled iloprost in both infused and 
aerosolized forms. Therefore, even minute doses 
of a PDE-3/4 inhibitor are sufficient via the inha-
lative route to amplify the vasodilatory response 
to iloprost.

These data suggest that combination of a 
PGI2 analogue and a PDE-3 inhibitor, even at 
sub-threshold doses, can amplify the vasodila-
tory hemodynamic response while maintaining 
pulmonary selectivity. This is explained by the 
fact that both PGI2 analogues and PDE-3 inhibi-
tors exhibit their vasodilatory effect through 
their action on the PGI2 pathway. Both PGI2 and 
iloprost cause vasodilation through an increase 
in cyclic adenosine monophosphate (cAMP) 
levels by stimulating the PGI2 receptor thereby 
activating adenylate cyclase. PDE-3 inhibitors, 
on the other hand, will increase cAMP levels by 
preventing its degradation. cAMP is degraded 

by PDEs at a much faster rate than it is synthe-
sized by adenylate cyclase. Thus, blocking the 
degradation of cAMP with a PDE-3 inhibitor 
will stabilize cAMP concentrations within the 
cell and amplify the vasodilatory response 
observed with PGI2. Therefore, it is not surpris-
ing that an additive hemodynamic effect is 
observed when these two classes of drugs are 
combined, nor that lower doses are required to 
achieve response.

39.1.2.2	 �Synergistic Effect 
of Combination Therapy

Combination therapies may also amplify 
response through a synergistic effect where one 
therapy, acting on one pathway, may facilitate 
the action of another therapy acting on a differ-
ent but complementary pathway [41]. This was 
shown in a rabbit model of experimental PH 
where a sub-threshold ineffective dose of silde-
nafil, a PDE-1/5/6 inhibitor, was able to signifi-
cantly enhance iloprost-induced vasodilation. 
This response was comparable to that obtained 
with a sub-threshold ineffective dose of a mono-
selective PDE-3 inhibitor [39]. Sildenafil exerts 
its effect through the NO pathway by inhibiting 
PDE-5, thereby increasing or stabilizing cyclic 
guanosine monophosphate (cGMP) levels in 
smooth muscle cells of the pulmonary vascula-
ture. On the other hand, iloprost’s mechanism of 
action is through the PGI2 pathway, where it 
increases cAMP levels within smooth muscle 
cells. So how does a sub-threshold dose of silde-
nafil, which has no effect on the pulmonary vas-
cular tone when administered alone, amplify the 
vasodilatory effect observed with iloprost? This 
observation is attributed to what is known as 
“crosstalk” between the cAMP and cGMP sig-
nalling pathways [42]. cGMP can regulate the 
activity of cAMP by inhibiting PDE-3 activity, 
thereby increasing cAMP levels [42, 43]. 
Therefore, a PDE-5 inhibitor that acts directly 
on the NO pathway can also potentiate the 
effects of a PGI2 analogue by raising cGMP lev-
els. Augmented levels of cGMP, in turn, inhibit 
PDE-3, thus further raising cAMP levels and 
enhancing sensitivity to inhaled PGI2 (or its  
analogue) [39].
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39.1.2.3	 �Safety of Combination 
Therapy

As with all therapies, monotherapy with PH med-
ications is also linked to some toxicity and intol-
erable adverse events. Infusion of epoprostenol 
for instance, has previously been associated with 
dose-related side effects such as flushing, head-
ache, nausea, and hypotension [44, 45]. Although 
reducing epoprostenol dosage may attenuate its 
side effects, doing so may also reduce the hemo-
dynamic efficacy of the drug, thus rendering it 
less effective [46]. Low doses of epoprostenol 
cannot always improve hemodynamics in patients 
with severe PH, whereas high-dose therapy has 
previously been shown to cause important hemo-
dynamic improvements [47]. A way to overcome 
the intolerance observed at the higher more effi-
cacious doses would be to use combination ther-
apy. Combining epoprostenol with a drug having 
a different mechanism of action may allow use of 
epoprostenol at lower doses, thus lessening its 
side effects, while potentiating its anticipated 
hemodynamic effects. In fact, addition of oral 
bosentan therapy, an endothelin receptor antago-
nist, to long-term epoprostenol infusion therapy 
in children with severe PH has allowed a dose 
reduction of epoprostenol and decreased its asso-
ciated side effect without deteriorating any clini-
cal or hemodynamic parameters [46].

39.2	 �Inhaled Vasodilators 
and Their Neurological Effect 
(Cerebral Oxygenation: NIRS)

Cerebral near-infrared spectroscopy (NIRS) is a 
non-invasive marker of tissue perfusion that can 
be used during non-pulsatile flow conditions not 
amenable to monitoring with pulse oximetry and 
non-invasive arterial pressure measurements 
[48]. It is a nonspecific method to evaluate 
whether cardiac output is sufficient to maintain 
adequate oxygen transport in relation to oxygen 
demand [49]. Cerebral regional oxygen satura-
tion (rSO2) monitoring using NIRS is a promis-
ing technology that could help anesthesiologists 
in meeting these goals during cardiac or noncar-
diac surgery. The monitor gives a baseline 

numerical value of the rSO2 [49]. In the presence 
of RVF, NIRS signal will be reduced (Fig. 39.1). 
On the other hand, NIRS value will increase if 
RV function improves. The non-invasive and 
continuous nature of this type of monitoring is 
very useful in both the OR and the ICU [50].

Studies have shown that intraoperative NIRS 
values correlate with postoperative outcome in 
cardiac [51] and in noncardiac surgery [52]. 
Interventions to correct brain saturation can be 
associated with improved outcome [53, 54]. 
Finally, in a recent prospective trial, baseline 
cerebral NIRS values obtained before cardiac 
surgery were superior to the euroSCORE in pre-
dicting survival in cardiac surgery [55]. In the 
OR, NIRS trends are used to evaluate response to 
therapy, which is associated with normalization 
of this parameter. NIRS is particularly useful in 
RVF compared to thermodilution, as it is not 
influenced by tricuspid regurgitation [49]. The 
intraoperative NIRS signals of a patient with 
severe PH and RVF are shown in Fig. 39.2. Initial 
rSO2 values after induction of anesthesia indi-
cated 39% and 54% on the left and right fore-
head, respectively (Fig.  39.2a). Following the 
administration of 5 mg of inhaled milrinone and 
75 μg of inhaled epoprostenol through the endo-
tracheal tube with a nebulizer attached to the 
inspiratory limb, normalization of both left and 
right NIRS values were observed (Fig.  39.2b). 
The left sided value increased to 67% and the 
right to 78%.

39.3	 �Inhaled Vasodilators 
and Their Effect on the Portal 
Vein

Doppler interrogation of the portal and splenic 
veins is useful to assess the extracardiac conges-
tive effects of right heart failure [50]. Hepatic 
interrogation is an area of greater interest in 
recent years and is currently being studied more 
comprehensively and current investigations are 
ongoing. Portal vein pulsatility has been 
described as a marker of congestive heart failure 
[56] and correlates with elevated right atrial (RA) 
pressure and worse New York Heart Association  
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functional class [57]. In acutely decompensated 
heart failure, it has been reported that 89% of 
patients with a RA pressure higher than 8 mmHg 
have a pulsatile portal flow. Portal vein pulsatility 

has also been described as a sign of severe tricus-
pid regurgitation [58] and post-hepatic portal 
hypertension. Figure 39.3 illustrates different RV 
diastolic pressure profiles during cardiac surgery 
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obtained before (a) and after cardiopulmonary bypass 
(CPB) (b). The upper NIRS value was obtained from the 
right lower extremity and the lower NIRS value is from the 
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nificantly. This was associated with failure to wean from 
CPB and significant hemodynamic instability. The cause 
was a result of acute right ventricular (RV) failure, demon-

strated on the RV pressure (Prv) waveform. Note the 
change of Prv from a normal shape before CPB to a square 
root sign, with diastolic equalization after CPB. Note also 
that the pulmonary artery pressure (Ppa) systolic values 
were lower after CPB and nondiagnostic of acute RV fail-
ure. The right atrial pressure was 16 mmHg compared to 
14 mmHg before CPB. ETCO2 end-tidal carbon dioxide, 
Pa arterial pressure, rSO2 regional oxygen saturation, SaO2 
oxygen saturation (with permission of Denault et al. [49])
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and their RA pressure, hepatic and portal flow 
correlates [59].

In the next section, we report changes in portal 
vein pulsatility as a surrogate of venous conges-
tion caused by RVF and describe a combination 
of inhaled milrinone and epoprostenol to reduce 
RV afterload.

39.3.1	 �Effect of Combined Inhaled 
Milrinone and Epoprostenol 
on Portal Vein Pulsatility

An 83-year-old man presented with acute chest 
pain. Coronary angiogram showed severe coronary 
artery disease with a 90% left main coronary artery 
stenosis [60]. Bedside transthoracic echocardiogra-

phy (TTE) revealed a severely hypokinetic inferior 
left ventricular (LV) wall, an LV ejection fraction 
of 0.5, and moderate RV dysfunction.

The patient underwent urgent coronary artery 
bypass grafting (CABG) with complete revascu-
larization. Weaning from cardiopulmonary bypass 
(CPB) required high doses of vasopressors and 
inotropes and use of an intra-aortic balloon pump.

On arrival in the surgical ICU, bedside TTE 
showed progressive RV dilation with diffuse hypo-
kinesis, inferior vena cava enlargement without 
respiratory variation, and abnormal portal vein 
flow pulsatility with diastolic flow reversal 
(Fig.  39.4a). At this point, the patient was also 
anuric. A continuous infusion of furosemide was 
started, and in an attempt to reduce RV afterload, 
epoprostenol (60 μg) and milrinone (4 mg) were 
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administered via an ultrasonic nebulizer attached to 
the inspiratory limb of the ventilator. Administration 
of nebulized epoprostenol and milrinone was 
repeated 2 h later. At 6 h postoperatively, the patient 
was awakened and his trachea was extubated.

Vasopressor support was rapidly weaned off 
and stopped 12  h after ICU admission, and the 
intra-aortic balloon pump was removed. Pulmonary 
artery pressure (PAP) decreased and urine output 
was adequate without furosemide infusion. 
Twenty-four hours after admission, repeat focused 
TTE revealed mildly phasic portal vein and normal 
inferior vena cava (Fig. 39.4b). The patient was dis-
charged from the ICU 36 h after admission and was 
discharged home uneventfully on postoperative 
day 6. Hemodynamic parameters, drug administra-
tion, and diuresis of this patient in the first 12 post-
operative hours are summarized in Fig. 39.5.

39.4	 �Preliminary Experience 
with Inhaled Vasodilators at 
the Montreal Heart Institute

Inhaled milrinone or epoprostenol has been used 
at the MHI since 1999. Although initially in an 
exploratory fashion, their therapeutic success has 
since expanded their use as a standard of care for 
patients with or at risk of right heart failure dur-

ing the intraoperative period. In this section, we 
will describe our preliminary experience with 
these agents, including animal and human 
studies.

39.4.1	 �Experience with Animal 
Studies

Animal experience from our institution has sug-
gested that administration of inhaled epopros-
tenol or inhaled milrinone during CPB could 
prevent the pulmonary endothelial dysfunction 
observed after CPB [61, 62]. In a first animal 
study, the effects of prophylactic use of inhaled 
epoprostenol administered before CPB were 
demonstrated in a porcine model [61]. Three 
groups of Landrace swine were compared: (1) 
control without CPB; (2) 90 min of normother-
mic CPB; (3) 90 min of CPB preceded by a bolus 
of inhaled PGI2 followed by continuous nebuli-
zation of PGI2 until the end of CPB. The major 
findings of this study were that (1) inhaled PGI2 
prevents the increase of MPAP following CPB; 
(2) PGI2 is associated with a lower increase of 
the alveolar-arterial oxygen gradient; (3) ani-
mals receiving PGI2 have a maximal response of 
the pulmonary endothelium-dependent relax-
ation to bradykinin but no change in pulmonary 

V1

PoVF
Admission

V2

Portal vein

V1V2

PoVF

Hepatic vein

Day #1a b

Fig. 39.4  Bedside transthoracic echocardiography upon 
intensive care unit admission, with posterior axillary line 
interrogation of the portal vein using spectral Doppler 
tracing. An abnormal pulsatile portal waveform with tran-
sient diastolic flow reversal is seen (V1: peak flow veloc-

ity; V2: trough flow velocity) (a). Transthoracic 
echocardiography, postoperative day 1. Note the signifi-
cantly reduced pulsatility of the spectral Doppler tracing 
of the main portal vein (b). PoVF portal venous flow (with 
permission of Tremblay et al. [60])
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endothelium-dependent relaxation to acetylcho-
line; and (4) the administration of PGI2 is associ-
ated with preservation of pulmonary arterial 
cAMP content after CPB.  In a second porcine 
study, inhaled and intravenous milrinone were 
compared for their effects on the pulmonary 
endothelium-dependent relaxations and hemo-
dynamic and oxygenation parameters after CPB 
[62]. In this study, five groups of landrace swine 
were compared: (1) control without CPB; (2) 
90  min of normothermic CPB; (3) 90  min of 
CPB preceded by a bolus of inhaled milrinone 
followed by continuous nebulization of milri-

none until the end of CPB; (4) 90 min of CPB 
preceded by a bolus of intravenous milrinone; 
and (5) 90 min of CPB preceded by a bolus of 
inhaled saline solution. The major findings of 
this study were that (1) CPB induces a pulmo-
nary endothelial dysfunction of the acetylcho-
line and bradykinin pathways that is reversed by 
administration of inhaled but not intravenous 
milrinone before CPB; (2) inhaled milrinone is 
associated with better hemodynamic and oxy-
genation profiles than intravenous milrinone, 
with less hypotension, a lower heart rate, and a 
lesser reduction in systemic vascular resistances; 
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Fig. 39.5  Hemodynamic 
parameters, drug 
administration and 
diuresis in the first 12 
postoperative hours. Both 
administrations of 
inhaled epoprostenol 
(iPGI2) and inhaled 
milrinone (iMil) were 
followed by gradual 
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mean pulmonary artery 
pressure (mPAP), central 
venous pressure (CVP). 
The ratio of the mean 
arterial pressure (MAP) 
on the mean systemic 
arterial pressure (MAP/
mPAP) increased 
throughout this period. In 
addition, significant 
reduction in perfusion 
rate of inotropes and 
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observed. Urine output 
was sustained after 
discontinuation of the 
furosemide perfusion 
(with permission of 
Tremblay et al. [60])
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and (3) intravenous milrinone causes an increase 
in the alveolar-arterial oxygen gradient. These 
animal studies show that the reduced PAP is sec-
ondary to a preservation of pulmonary arterial 
endothelial function and increased cAMP con-
tent in pulmonary artery cells, favouring vasodi-
lation even in the setting of a reperfusion injury 
after CPB.

39.4.2	 �Preliminary Experience 
with Inhaled Milrinone

Preliminary experience with inhaled milrinone in 
cardiac surgery suggests that administration 
before initiation of CPB could help weaning from 
CPB. A retrospective analysis of 70 high-risk car-
diac surgical patients receiving inhaled milrinone 
was conducted to evaluate its effects on clinical 
outcome and ventricular function [63]. Inhaled 
milrinone was administered before (n  =  30) or 
after (n = 40) CPB. This study found that not only 
administration of inhaled milrinone before initia-
tion of CPB is associated with a lower MPAP 
after CPB it is also associated with a lower rate of 
CPB reinitiation compared to those receiving 
inhaled milrinone after CPB.

The safety and efficacy of inhaled milrinone 
has been studies in two prospective randomized 
double-blind placebo-controlled trials at the 
MHI. The first, a pilot trial in 21 high-risk car-
diac surgical patients with PH randomized to 
receive inhaled milrinone or placebo before the 
initiation of CPB [64]. The effects on ventricular 
function were evaluated by means of pulmonary 
artery catheterization and transesophageal echo-
cardiography (TEE). In this cohort, the use of 
inhaled milrinone was not associated with sys-
temic hypotension but with a reduced pulmonary 
vascular resistance and the prevention of the 
increase in right-sided cavity dimensions. The 
second study was a multicentre trial conducted 
in four Canadian University Medical Centres 
[65]. A total of 124 high-risk cardiac surgical 
patients with PH were randomized to receive 
inhaled milrinone or placebo before the initia-
tion of CPB. Hemodynamic parameters and RV 
function were evaluated by means of pulmonary 

artery catheterization and TEE. The prophylactic 
use of inhaled milrinone was associated with 
favourable hemodynamic effects that did not 
translate into improvement of difficult or com-
plex separation from CPB. Inhaled milrinone 
was also associated with a modest reduction in 
the hemodynamic severity of PH, an increased 
cardiac output with a modest overall reduction in 
systolic PAP, no systemic hypotension, and a 
gradual reduction in RA dimension. Nevertheless, 
these studies suggest that a prophylactic strategy 
using inhaled milrinone alone before CPB nei-
ther facilitates separation from CPB nor prevents 
post-CPB RVF.

39.4.3	 �Preliminary Experience 
with Inhaled Epoprostenol

Our experience with inhaled epoprostenol was 
first reported in a retrospective study of nebu-
lized epoprostenol used in the OR or in the ICU 
[66]. A total of 35 patients with PH or hypoxia 
received inhaled epoprostenol over a one-year 
period. The results confirmed that inhaled epo-
prostenol could improve oxygenation in patients 
suffering from hypoxemia and help reduce 
PH. The effects of inhaled epoprostenol in car-
diac surgical patients with PH were subsequently 
evaluated in a prospective randomized double-
blind placebo-controlled exploratory trial [67]. 
Twenty patients were randomized to receive 
inhaled epoprostenol or placebo before the initia-
tion of CPB. The effects on cardiac function were 
evaluated by means of pulmonary artery cathe-
terization and TEE.  Oxygenation and platelet 
aggregation studies were also performed. The 
prophylactic use of inhaled epoprostenol was 
associated with reduced pulmonary pressures and 
improvements in RV stroke work but had no 
effect on oxygenation. The study confirmed that 
inhaled epoprostenol was safe, with no systemic 
hypotension, does not increase platelet dysfunc-
tion or perioperative bleeding, and can be a selec-
tive pulmonary vasodilator. TEE findings also 
suggested a tendency toward improvement of left 
and RV systolic functions, as well as RV diastolic 
function.
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39.4.4	 �Preliminary Experience 
with Combined Inhaled 
Epoprostenol and Milrinone

Our preliminary experience with combined 
inhaled epoprostenol and milrinone in cardiac 
surgical patients suggests that it could also reduce 
vasoactive requirements after CPB. A retrospec-
tive analysis of 40 high-risk patients operated at 
the MHI who received a combination of inhaled 
milrinone and inhaled epoprostenol before CPB 
was conducted [68]. The aim of this study was to 
determine whether the combined administration 
of milrinone and epoprostenol, given by inhala-
tion before CPB, has a beneficial effect on vaso-
active requirements during weaning from CPB 
and in the ICU in high-risk patients with 
PH.  Results showed that administration of the 
combination before CPB reduced vasoactive 
requirements during the first 24 h in the ICU and 
reduced the severity of PH without systemic 
hypotension. Pre-emptive treatment with com-
bined inhaled agents also increased cardiac index 
by reducing indices of RV afterload, which was 
associated with increase in the NIRS signal.

39.5	 �Case Studies with Inhaled 
Vasodilators

39.5.1	 �Case Study of Inhaled 
Epoprostenol

A 69-year-old man with unstable angina and a 
medical history of morbid obesity, hypertension, 
mild asthma, and dyslipidemia, presented for cor-
onary arteriogram [69]. Coronary anteriography 
showed a 70% occlusion of the left anterior 
descending artery and a 60% stenosis of the cir-
cumflex artery. LV function was described as nor-
mal on the coronary angiogram. The patient was 
then scheduled for endoscopic saphenous harvest-
ing and CABG without extracorporeal bypass.

Central venous and pulmonary artery catheters 
were then inserted after induction of general anes-
thesia. Catheterization showed a normal systolic 
and diastolic PAP (22/8 mmHg), and the cardiac 
output was 4.8 L/min (cardiac index, 2.3 L/min/

m2). The initial blood gas values were within nor-
mal limits. Initial TEE examination showed nor-
mal left and RV systolic function. Carbon dioxide 
(CO2) insufflation was initiated at a flow of 2 L/
min to obtain a pressure of 15 mmHg.

Soon after the beginning of the endoscopic 
dissection, systolic PAP suddenly increased to 
65  mmHg, and the systemic blood pressure 
declined to 90 mmHg (Fig. 39.6a). Capnography 
showed an immediate increase of end-tidal CO2 
to 54 mmHg (Fig. 39.7). Simultaneously, numer-
ous gaseous bubbles were seen with the TEE in 
the RV chamber, the right atrium, the pulmonary 
artery, and in the inferior vena cava confirming 
the infradiaphragmatic origin of the emboli. The 
four-chamber view showed a dilated right ven-
tricle associated with septal shift and compres-
sion of the left ventricle.

CO2 insufflation was immediately discontin-
ued, and ventilatory rate and tidal volume were 
increased with an inspired oxygen fraction of 
100%. Pharmacologic treatment was initiated con-
sisting of nitroglycerine up to 83 μg/min, norepi-
nephrine 20  μg/min, and inhaled epoprostenol 
75 μg via a jet nebulizer attached to the inspiratory 
limb of the ventilator near the endotracheal tube. 
Nebulization was achieved with a bypass flow of 
oxygen at 8 L/min. Five minutes after the initiation 
of treatment, ST segment increase normalized, and 
PAPs returned to normal values (Fig. 39.6b).

No more gaseous bubbles were detectable 
using the TEE, and both left and RV function 
returned to normal. Postoperatively, the patient 
had an uneventful course. He was tracheally extu-
bated approximately 8  h after surgery and dis-
charged home the fourth postoperative day. This 
patient’s systolic and diastolic PAPs remained 
high despite treatment with large doses of intrave-
nous nitroglycerin. We found that inhaled epopro-
stenol is efficient in the treatment of PH secondary 
to CO2 embolism and is beneficial in the hemody-
namic stabilization, thus enabling completion of 
the off-pump CABG procedure.

In our previous experience with CO2 embo-
lism, the off-pump bypass procedure had to be 
converted to CABG with extra-corporeal circula-
tion [70]. It is possible that the favourable 
response observed in the treatment of PH with 
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use of inhaled epoprostenol may have prevented 
us from using extra-corporeal circulation for cir-
culatory support.

39.5.2	 �Case Study of Inhaled 
Milrinone

An example of the effect of inhaled milrinone on 
two patients with PH undergoing cardiac surgery 
with CPB is illustrated in Fig. 39.8 [64]. Patients 
were considered to have PH if the systolic PAP was 
greater than 30  mmHg or the MPAP above 
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Fig. 39.6  Systemic 
(SAP), pulmonary 
(PAP), and central 
venous pressure (CVP) 
during the episode of 
CO2 embolism (a) and 
after the use of 
epoprostenol (b) (with 
permission of Martineau 
et al. [69])

Pulmonary hypertension

Fig. 39.7  Capnographic data wave form summary. There 
was a sudden increase in end-tidal CO2 (yellow arrow) 
(with permission of Martineau et al. [69])
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25  mmHg, as measured during the preoperative 
period or estimated by Doppler echocardiography. 
The diagnosis of PH was confirmed after insertion 
of a pulmonary artery catheter and before induction 
of general anesthesia. Inhaled milrinone was admin-
istered after the induction of anesthesia through a jet 
nebulizer attached to the inspiratory limb of the 
ventilator near the endotracheal tube with a bypass 
flow of oxygen at 10 L/min. Five milligrams (1 mg/
mL) were administered, resulting in a dose ranging 
from 50 to 80 μg/kg, over 5  min. Hemodynamic 
evolution of the RV pressure (Prv), systemic arterial 
pressure (Pa) and PAP was monitored after receiv-
ing inhaled milrinone before CPB. Administration 
of inhaled milrinone was associated with a reduc-
tion of the diastolic Prv and PAP without any sig-
nificant systemic hypotension.

39.5.3	 �Case Studies 
of the Combination of Inhaled 
Epoprostenol and Milrinone

39.5.3.1	 �Combined Inhaled 
Epoprostenol and Milrinone 
in the Operating Room

This next case describes the successful use of 
combined inhaled milrinone and epoprostenol for 

the intraoperative management of a high-risk 
patient with severe PH, RVF, and low NIRS [71]. 
A 26-year-old woman with no past medical his-
tory presented with progressive lower limb 
edema and fatigue. Physical examination 
revealed a heart rate of 101  beats/min, blood 
pressure of 110/79  mmHg, and bilateral leg 
edema. A diastolic “plop” and a low-frequency 
diastolic rumble were present on cardiac auscul-
tation. Her electrocardiogram showed normal 
sinus rhythm. TTE revealed the presence of a 
large left atrial mass (4.9 8.1 cm, 31.8 cm2 area) 
with dilated right-sided cavities (right atrium 
area 23.2 cm2, RV area 34 cm2) and an RV frac-
tional area change of 15%. The patient was trans-
ferred to the tertiary care center for surgical 
removal of the tumor.

Invasive monitoring was inserted in the awake 
patient under local anesthesia upon arrival in the 
OR. Monitoring included a 5-lead electrocardio-
gram, pulse oximetry, peripheral venous catheter, 
radial and femoral arterial catheter, a 3-lumen 
central catheter, and a sheath introducer with a 
pulmonary artery catheter with a pacing port. The 
latter two were inserted into the internal right 
jugular vein, allowing a continuous display of 
Prv. General anesthesia was then induced. Before 
CPB, norepinephrine was infused at a rate of 
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Fig. 39.8  Inhaled milrinone in two patients. 
Hemodynamic evolution of the right ventricular pressure 
(Prv), systemic arterial pressure (Pa) and pulmonary 
artery pressure (Ppa) in two patients after receiving 

inhaled milrinone (iMil) (arrow) before cardiopulmonary 
bypass. A reduction of the diastolic Prv and Ppa without 
any significant changes in Pa is observed (with permission 
of Denault et al. [64])
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8  mg/min to maintain mean arterial pressure 
above 60 mmHg and minimize reduction in sys-
temic vascular resistance, considering the rela-
tively fixed cardiac output from severe PH.

The intraoperative electrocardiographic and 
hemodynamic variables, capnographic, and 
NIRS signals are summarized in Fig. 39.9. Her 
initial hemodynamic values included sinus 
rhythm at 97  beats/min, arterial pressure at 
110/72 with a mean of 83 mmHg. PAP and Prv 
were 102/57 (mean of 74  mmHg) and 102/20 
with a cardiac index of 1.5 L/min/m2. End-tidal 
CO2 level was 34 mmHg. NIRS, which is used 
routinely in these cases, indicated 39% and 54% 
on the left and right forehead, respectively. Five 
mg of inhaled milrinone and 75 mg of epopros-
tenol were nebulized sequentially through the 
endotracheal tube with a nebulizer attached to the 
inspiratory limb. During nebulization, the PAP 
and Prv decreased to 96/44 (mean of 65) and 
95/9  mmHg initially. Following inhaled drug 
administration, the systemic arterial pressure was 
87/54 with a mean value of 66 mmHg. The Pap 
and Prv were 88/43 (mean of 59) and 
83/11  mmHg, respectively. End-tidal CO2 
increased to 40  mmHg without any change in 
minute ventilation. In addition, normalization of 
both left and right NIRS values was observed. 
The left-sided value increased to 67% and the 
right to 78%. This was not associated with any 
significant changes in heart rate and no increases 
in norepinephrine perfusion rate were required. 
There was no significant change in the need for 
vasopressors while weaning the patient from 
CPB (norepinephrine at 7 mg/min). Neither ino-
tropic nor vasodilatory agents were required to 
come off bypass. The cardiac output after CPB 
was 4.7 L/min with a cardiac index of 2.9 L/min/
m2. The RV systolic function improved but 
remained abnormal after CPB.  The patient was 
extubated 5 h after surgery and discharged from 
the hospital 5 days later. Pathologic examination 
confirmed the diagnosis of left atrial myxoma. 
Administration of a combination of inhaled mil-
rinone and epoprostenol after the induction of 
anesthesia, before going on CPB, improved the 
hemodynamic condition of the patient and was 
associated with an increase and normalization of 

the NIRS signal and an increase of the end-tidal 
capnographic signal as a surrogate of cardiac 
output.

39.5.3.2	 �Combined Inhaled 
Epoprostenol and Milrinone 
in the ICU

A 58-year-old woman with coronary and mitral 
valve disease presented for coronary revascular-
ization and mitral valve repair. The patient was 
unstable in the ICU following the procedure. Her 
initial hemodynamic values are summarized in 
Fig. 39.10a. Arterial pressure was at 103/54 with 
a mean of 70  mmHg, PAP at 41/31 (mean of 
34 mmHg), and Prv at 53/10 (mean of 25 mmHg). 
The square root appearance of the Prv waveform 
was indicative of RV dysfunction. Lactates were 
elevated at 4.0 mmol/L.

Sixty μg of inhaled epoprostenol and 4 mg of 
milrinone were nebulized sequentially through 
an ultrasonic nebulizer attached to the inspiratory 
limb of the ventilator near the endotracheal tube. 
As shown in Fig. 39.10b, administration of com-
bined inhaled epoprostenol and milrinone 
resulted in normalization of the Prv waveform 
and reduction of lactate levels to 2.2  mmol/L, 
with no effect on systemic arterial pressure 
(101/52 with mean at 68  mmHg). The require-
ment for vasoactive agents was also reduced.

39.6	 �Intratracheal Milrinone

In acute RVF the administration of inhaled agents 
are limited by the availability of a nebuliser and 
also the time to administer them. In such situa-
tion, at the MHI we use intratracheal milrinone. 
Our preliminary experience has been described 
[72] and is being currently reviewed. An example 
of the use of intratracheal milrinone is illustrated 
in Fig. 39.11. An 80-year-old man presented with 
reduced biventricular function after revascular-
ization. He was given 5 mg (1 mg/mL) of milri-
none by direct administration into the tracheal 
tube using a 5 mL syringe. The acute effects of 
intratracheal milrinone on hemodynamic and 
transcranial Doppler variables are shown in 
Fig.  39.11. Administration of intratracheal  
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Fig. 39.9  Intraoperative summary. The heart rate (HR), 
femoral arterial pressure (Paf), pulmonary artery pressure 
(Ppa), right ventricular pressure (Prv), pulse oximetry 
(SaO2), radial arterial pressure (Par), end-tidal carbon 
dioxide (ETCO2), regional brain saturation signal of the 
right and left frontal hemispheres (ScO2) are shown before 
induction of anesthesia (a), after induction (b), during 

administration of inhaled prostacyclin (iPGI2) and inhaled 
milrinone (iMil) (c), following the administration if the 
inhaled drugs (d), during cardiopulmonary bypass (CPB) 
(e), and after CPB (f). Note the gradual increase in the 
ScO2 signals during nebulization (period c) with corre-
sponding reduction in the Ppa and Prv values (with  
permission of St-Pierre et al. [71])
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milrinone resulted in an increase in the femoral 
arterial pressure, PAP, Prv, as well as transcranial 
Doppler signals values. Both cerebral and 
somatic rSO2 increased following drug adminis-

tration. Additionally, velocity time integral 
derived using TEE measured at the LV outflow 
tract went from 8 to 14  cm, and cardiac index 
increased from 1.3 to 1.8 L/m2.
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dynamic instability from right ventricular failure. 
Hemodynamic waveforms obtained before (a) and after 

treatment (b). Note the square root aspect of the right ven-
tricular pressure (Prv) waveform, which normalised after 
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pressure, SaO2 oxygen saturation

82
110/64 (82)
112/61 (77)

22/13(18)
28/4 (13)

100
rSO2 -1

rSO2 -2

61

74

HR

Paf

Par

Ppa

Prv

SpO2

24ETCO2

Cerebral

Somatic

85
121/58 (82)

27/17(21)
31/7 (12)

100
rSO2 -1

rSO2 -2

66

81

HR

Paf

Ppa

Prv

SpO2

27ETCO2

Cerebral

Somatic

Paf 119
57
80

Ppa 28
18
23

Prv 33
6

13

Par

Intra-tracheal milrinone

 After intra-tracheal milrinone

MV
23

17

0.79

73
HITS
75

PSV
35

PDV

PI

% 

MV
25

18

0.83

66
HITS
75

PSV
38

PDV

PI

% 

MV
28

19

0.99

89
HITS
75

PSV
46

PDV

PI

% 

MV
23

18

1.01

79
HITS
76

PSV
47

PDV

PI

% 

ETCO2

a b c

d e

Fig. 39.11  Administration of intratracheal milrinone in 
an 80-year-old man after cardiopulmonary bypass (a) 
resulted in an increase in femoral arterial pressure (Paf), 
increase in pulmonary artery pressure (Ppa), right ven-
tricular pressure (Prv) with an increase in pulse pressure. 
The hemodynamic waveform, cerebral and somatic 
regional oxygen saturation (rSO2), end-tidal carbon diox-

ide (ETCO2) and transcranial Doppler signal are shown 
before (b, c) and after (d, e) the administration of the drug 
through the intratracheal route. HR heart rate, Par radial 
arterial pressure, SpO2 oxygen saturation, PSV peak sys-
tolic velocity, MV mean velocity, PDV peak diastolic 
velocity, PI pulsatility index, HITS high-intensity tran-
sient signals
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39.7	 �Meta-Analysis on Inhaled 
Vasodilators

In recent years, there has been a growing interest 
for using inhaled agents for the treatment of PH 
in cardiac surgery. The efficacy of these inhaled 
strategies, however, continue to be shown only 
through a limited number of small trials, case 
reports and series. A systematic review and meta-
analysis was recently published comparing the 
efficacy of inhaled aerosolized agents with intra-
venously administered agents or placebo for the 
treatment and management of PH in patients 
undergoing cardiac surgery [73]. The purpose of 
this review was to summarize the state of the art 
in this field. Databases such as MEDLINE, 
CENTRAL, EMBASE, Web of Science, and 
clinicaltrials.gov were searched, which identified 
2897 relevant citations. From those, 10 studies 
were included in the review and meta-analysis, 
comprising a total of 434 patients.

The primary outcome of the study was the 
incidence of mortality. Secondary outcomes were 
length of stay in hospital and in the ICU and eval-
uation of the hemodynamic profile. The meta-
analysis revealed that inhaled aerosolized agents 
were associated with a significant decrease in 
pulmonary vascular resistance and a significant 
increase in mean arterial pressure and RV ejec-
tion fraction when compared to intravenously 
administered agents. No significant hemodynam-
ically meaningful differences were observed 
between inhaled agents and placebo. However, 
an increase in length of stay in the ICU was 
shown with the use of inhaled aerosolized agents 
compared to placebo.

This systematic review and meta-analysis 
showed that the administration of inhaled aero-
solized vasodilators is associated with improved 
RV performance when compared to intrave-
nously administered agents for the treatment of 
PH during cardiac surgery. This study, however, 
did not show any benefit on mortality, nor did it 
support any benefit compared to placebo on 
major outcomes. The limitations of this review 
were the limited number of studies published on 
this topic and the small size of the trials. This 

review shows that more studies are required in 
this area of research and that these should focus 
on clinically significant outcomes.

�Conclusion

In summary, inhaled vasodilators in patients 
with PH are first line therapy in our Institution 
mostly because of their significant hemody-
namic advantage over intravenous agents. 
Combination therapy has now replaced the 
use of a single agent because the underlying 
mediators responsible for PH are often 
unknown. Therefore, targeting more than one 
pathway is more likely to be successful. Large 
trials in patients with PH comparing therapeu-
tic strategies and analyzing their hemody-
namic and their cardiac and extra-cardiac 
echocardiographic effects will help in better 
defining the role of inhaled agents in their 
ability to prevent and treat right heart failure 
in patients with PH.
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Importance of Extra-Cardiac 
Manifestations of Right Heart 
Failure Using Bedside Ultrasound

William Beaubien-Souligny, Nadia Bouabdallaoui, 
and André Denault

Abstract

Organ ischemia in the context of right ventric-
ular dysfunction are the result of the profound 
hemodynamic alterations caused by a decrease 
in cardiac output and an elevation in central 
venous pressure. Performing a focused extra-
cardiac ultrasound examination can reveal the 
impact of right ventricular failure by identify-
ing signs of venous congestion in distal organs 
and might provide clinically relevant informa-
tion to personalise management.

Keywords
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Abbreviations

ARDS	 Acute respiratory distress syndrome
CI		  Collapsibility index
CVP		 Central venous pressure
EVLW	 Extravascular lung water
ICP		  Intra-cranial pressure
IJV		  Internal jugular vein
IVC		  Inferior vena cava
MCA	 Middle cerebral artery
PF		  Pulsatility fraction
PI		  Pulsatility index
RAP		 Right atrial pressure
TAPSE	� Tricuspid annular plane systolic excursion

40.1	 �Introduction

The progressive increase in central venous pres-
sure (CVP) in patients with right heart failure has 
a detrimental impact on organ function. The 
cardio-renal syndrome, the cardio-intestinal syn-
drome and the cardio-hepatic syndrome have all 
been attributed to an inadequate tissue delivery of 
oxygen and nutriments stemming from a combi-
nation of decreased cardiac output and increased 
venous pressures. While autonomic and hormonal 
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autoregulation is able to compensate for a reduced 
cardiac index to maintain adequate blood flow until 
it falls below a critical threshold [1], the presence of 
elevated venous pressure creates a synergy where 
interstitial edema and a reduced arterio-venous 
gradient is providing the “second-hit” resulting 
in organ dysfunction. Venous congestion appears 
to be one of the most important factors leading to 
adverse outcomes in patients with heart failure [2]. 
Additionally, it is now believed to be an important 
mediator of multiorgan complications in critically 
ill patients (Table 40.1). Consequently, finding new 
tools to tailor diuretic therapy in patients with right 
heart failure might be one of the most promising 
strategies to improve their prognostic.

In order to assess venous congestion, clini-
cians are used to rely on physical examination 
and on the dosage of B-type natriuretic pep-
tide. While it can be useful in daily practice, 
lower extremity edema is not reliable to evalu-

ate increased CVP [3]. Jugular venous pressure 
examination at the bedside has variable accu-
racy depending on the skills of the observer 
and can be impossible in some patients [4].

The use of a focused bedside ultrasound 
assessment has significantly enhanced clinical 
examination in various inpatients and outpa-
tient’s settings. The assessment of right heart 
function using echocardiography described in 
Chaps. 31 to 34 is important to establish the diag-
nosis and etiology of right heart failure but is of 
limited use for monitoring the effect of increased 
CVP on end-organs and is not helpful to guide 
diuretic therapy. The use of bedside ultrasound 
to assess signs of venous congestion directly in 
end-organs can provide important information in 
order to individualize management. This chapter 
focuses on the multisystemic ultrasound features 
associated with organ congestion from right 
heart failure.

Table 40.1  Adverse effects of organ congestion in critically ill patients

Involved systems Clinical consequences Evidence

Gastrointestinal – Prolonged ileus
– �Bacterial endotoxin 

translocation: systemic 
inflammation

– �Impaired hepatic function 
and cholestasis

– Impaired drug absorption

– �A restrictive fluid strategy leads to shorter hospital stay 
after intestinal surgery [69]

– �Higher measurements of serum LPS in decompensated 
CHF patients [33]

– �Post-hepatic portal hypertension and hyperbilirubinemia in 
CHF patients [70]

– Diuretic resistance in CHF patients [71]

Kidney – Acute kidney injury – �Fluid overload is an independent risk factor for acute 
kidney injury in critically ill adults [72, 73]

– �Elevated CVP is a predictive factor of renal impairment in 
CHF patients [38] and in cardiac surgery patients [74]

Lungs – Pulmonary edema
– Decreased compliance
– Increased work of breathing

– �A restrictive fluid strategy has led to fewer ventilator days 
in patients with ARDS [75]

– �EVLW correlated with organ dysfunction and poor 
outcomes and with increased risk of re-intubation and 
respiratory failure [76]

Central nervous 
system

– �Impairment in cognition and 
delirium

– �Fluid overloaded patients could be at greater risk of 
delirium [77]

– �CHF after surgery is a risk factor for post-operative 
delirium [78]

– �In an animal model of intra-abdominal hypertension, 
intracranial pressure correlated with CVP values [56]

Heart – Conduction abnormalities
– Sub-endocardial ischemia

– �Myocardial edema may contribute to increased risk of 
atrial fibrillation and bundle branch block in critically ill 
patients [79]

Soft tissues – Impaired wound healing
– �Promote surgical site 

infections

– �A restrictive fluid regimen reduced post-operative wound 
healing complications after colorectal surgery [80]

ARDS acute respiratory distress syndrome, CHF chronic heart failure, CVP central venous pressure, EVLW extravascular 
lung water, LPS lipopolysaccharide (endotoxin)
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40.2	 �Assessment of Central 
Vessels

Ultrasound measurements of the inferior vena 
cava (IVC) have been used for the evaluation of 
fluid responsiveness in the hemodynamically 
unstable patient under the prerequisite that they 
are representative of right ventricular preload. 
The IVC diameter and collapsibility are now inte-
grated in focused ultrasound assessment in trauma 
patients [5] and IVC collapse is the best predictor 
of hypotension following induction of anesthesia 
[6]. Some measurements may reflect abnormally 
high CVP (10–20 mmHg), such as an IVC diam-
eter of more than 20 mm, a collapse of IVC (CI) 
of less than 50% with sudden inspiration [7], vari-
ation of less than 20% of IVC diameter upon nor-
mal inspiration [8], or a short diameter to long 

diameter ratio of more than 0.69 [9]. Many stud-
ies have evaluated the correlation between IVC 
diameter/collapsibility index and CVP with vari-
able results, showing a moderate correlation and 
relatively fair accuracy to predict CVP [8, 10–13]. 
While ultrasonographic measurements of the IVC 
do not seem to be precise enough to estimate 
absolute CVP values, they can discriminate 
between normal/low CVP and high CVP [8, 11]. 
Consequently, finding a non-dilatated IVC pre-
senting respiratory variations on bedside ultra-
sound can rule-out elevated CVP and therefore 
exclude cardiogenic venous congestion of end-
organs while a dilated IVC without respiratory 
variations warrant for a more in-depth evaluation 
for the others signs of venous congestion.

The technique of evaluation is shown in 
Fig. 40.1. Longitudinal imaging of the IVC can 

Subxiphoid

Posterior AxillaryAnterior Axillary

1

1

3

3

2

2

a b

dc

Fig. 40.1  Examination of the inferior vena cava (IVC): 
(a) Axial T1 weighted magnetic resonance image of the 
liver showing different positions of the ultrasound probe to 
obtain a longitudinal view of the IVC. The subxyphoid [1], 

anterior axillary line [2] and posterior axillary line [3]. The 
subxyphoid (b), anterior axillary line (c), posterior axillary 
line (d) position is shown using the Vimedix simulator 
(with permission of Denault et al. [82])
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be done though the liver with a phased array 
transducer (cardiac probe) or a curved array 
transducer (abdominal probe) from the sub-
xiphoid position down to the posterior axillary 
line providing a large window for adequate visu-
alization. Using the liver as an acoustic window, 
the success rate in visualizing the IVC is very 
high even for clinicians with basic training [14]. 
It should be noted there is some limitation to the 
estimation of systemic venous pressure with this 
technique as any supra-diaphragmatic mechani-
cal obstruction can impair venous return [9, 15]. 
Consequently, tamponade, pneumothorax, or 
direct obstruction of the IVC from stenosis or 
thrombus should the suspected according to the 
clinical context. Measurements of the IVC are 
modified by positive pressure ventilation and 
should be interpreted with caution in mechani-
cally ventilated patients [10]. A high positive end 
expiratory pressure (PEEP) or lung hyperinfla-
tion can lead to a larger IVC size leading to 
potential overestimation of cardiac preload [16]. 
However, in mechanically ventilated patients, 
IVC distensibility >18% with passive respiration 
has been shown to predict fluid responsiveness 
[17]. In addition, measuring the IVC in both 
short- and long-axis plane is more accurate in 
terms of estimating CVP [9].

Bedside ultrasound can also be used to esti-
mate jugular venous pressure non-invasively very 
quickly. The technique relies on the visualization 
of the right jugular vein tapering point as pre-
sented in Fig. 40.2. Using a linear probe, the right 
jugular vein can be located to obtain a longitudi-
nal image. Minimal pressure must be applied to 
the probe as the internal jugular vein is easily col-
lapsible. After identification of the taper point, 
CVP can be estimated by measuring the height as 
for physical examination [18]. This technique 
can predict CVP with moderate accuracy in a few 
seconds at the bedside [19]. It must be noted that 
this technique has been reported to underestimate 
CVP and should be interpreted with caution [20].

40.3	 �Assessment of Liver 
and Spleen

Doppler ultrasound of the liver offers the possi-
bility to assess flow in the hepatic and portal 
veins. These can provide an important insight 
into the severity of right ventricular failure and 
hepatic congestion, respectively.

Hepatic venous flow can be used to evaluate 
right ventricular diastolic function [7] based on 
the aspect of the Doppler signal pattern [21, 22]. 

45º

x cm

5 cm

Top level

a b c

Top level

IJV IJV

Top level

IJV

Fig. 40.2  Examination of the internal jugular vein (IJV) 
(a) Measurements of the vertical distance between the 
top of the IJV and the sternal angle. Central venous pres-
sure is estimated by adding 5 cm to the measured height 

at a 30–45° angle [18]. (b) Linear probe position to obtain 
a longitudinal view of the IJV. (c) Visualization of the IJV 
taper point (with permission of Beaubien-Souligny et al. 
[84])
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Hepatic vein flow can be obtained using a phased 
array probe or a curved array probe in the sub-
xiphoid or lateral chest regions as presented in 
Fig. 40.3. Normal hepatic flow is directed away 
from the liver and fluctuates during the cardiac 
cycle as shown in Fig.  40.3a–d [23]. Systolic 
flow is usually of higher velocity than diastolic 
flow. This is due to downward motion of the tri-
cuspid annulus during ventricular systole result-
ing in a rapid filling of the right atria. In patients 
with right heart failure, decreased tricuspid annu-
lus plane systolic excursion (TAPSE) and/or tri-
cuspid regurgitation during ventricular systole 
lead to a reduction of the velocity in systole and 
to a systolic-to-diastolic ratio less than 1 as 
shown in Fig.  40.3e–h [22, 24, 25]. In severe 
right heart failure or tricuspid regurgitation, the S 
wave appears to be completely reversed with 
backward flow in the hepatic veins during sys-
tole. While an abnormal hepatic vein flow wave-
form can be found in stable chronic heart failure 
patients and is not synonymous with organ con-
gestion, its presence should prompt the clinician 
to consider the patient to have right heart failure 
and to be at increased risk of organ congestion.

Flow in the portal vein can be assessed using a 
phased array or a curved linear array probe posi-
tioned in a right mid-axillary coronal view as 

shown in Fig. 40.4 [26]. Venous flow through the 
portal vein is of low velocity (20 cm/s) because 
this circulation is isolated from the systemic cir-
culation by the liver sinusoids and splanchnic 
capillary bed. Therefore, portal venous flow pres-
ent minimal variations through the cardiac cycle. 
A difference between systolic and diastolic 
velocities (also named pulsatility fraction (PF)) 
of more than 50% can be considered abnormal 
and is called pulsatile portal flow.

	
PF V V VSystole Diastole Systole% /( ) = -( )éë ùû100

	

Pulsatile blood flow is a sign of post-hepatic 
portal hypertension and has been studied as a sign 
of severity in patients with congestive heart failure. 
The presence of an abnormal portal pulsatility pre-
dicted increased CVP and worse functional class in 
heart failure patients [27–29]. Venous congestion 
resulting from congestive heart failure begins with 
an elevation of the CVP and dilatation of the IVC 
and its main tributaries such as the hepatic veins. 
When the dilatation becomes severe, the venous 
compliance of the IVC is decreased and pressure is 
transmitted through the hepatic sinusoids to the 
portal system. This results in a decrease in veloci-
ties in the portal system or, when severe, in a com-
plete absence or reversal of portal flow. Doppler 
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Fig. 40.3  Examination of hepatic venous flow. Triphasic 
Doppler hepatic venous flow obtained from a subxyphoid 
abdominal ultrasound image with color (a–c) and pulsed-
wave Doppler (d) has an atrial reversal (AR) in red, a sys-
tolic (S) phase in blue/green which can be followed by a 

V wave, and a diastolic (D) phase in dark blue. Images 
e–h show abnormal hepatic venous flow in the context of 
right ventricular dysfunction. Notice the change in the D 
to S velocity ratio that is now less than 1 (with permission 
of Denault et al. [82])
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evaluation of the portal flow could be used as a 
marker of end-organ venous congestion. In decom-
pensated heart failure, a portal pulsatility of more 
than 50% was the best predictor of increased serum 
bilirubin compared with hemodynamic parameters 
such as CVP and echocardiographic measurements 
such as TAPSE [30]. For the portal flow to be rep-
resentative of central venous congestion, other 
causes of portal hypertension such as cirrhosis and 
portal thrombosis must be absent. A PF of more 
than 50% has also been reported in some individu-
als with low body mass index and normal cardiac 
function [31]. Consequently, this finding should be 
supported by other signs of elevated CVP such as 
IVC dilatation/non-collapsibility and an abnormal 
hepatic vein flow waveform.

40.4	 �Assessment of the Bowel

Bowel edema is believed to be one of the main 
determinant of the development of the cardio-
intestinal syndrome characterized by a chronic 
inflammatory state due to bacterial endotoxin 
translocation through an altered intestinal mucosa 
[32, 33]. Weight loss in patients with congestive 
heart failure identified as cardiac cachexia has been 
linked with the severity of right ventricular failure 
[34, 35]. Bowel wall thickness can be evaluated 
using bedside ultrasound. With a linear array trans-
ducer positioned over the abdominal area, a tra-
verse and longitudinal view of different bowel 
regions can be obtained. The high resolution of the 
linear transducer is able to provide adequate 

PV

HV

IVC

PoVFPoVF

c d

a b

Fig. 40.4  Examination of portal venous flow. (a) Portal 
venous flow (PoVF) assessment from a posterior axillary 
line coronal view. (b) Using the same view, the inferior 
vena cava (IVC), portal vein (PV) and hepatic vein (HV) 
can be seen. Note the increased echogenicity of the PV 
wall. (c) Normal portal vein pulsed-wave Doppler has a 

monophasic signal indicating that blood is directed 
toward the transducer. Note the background pulsatile 
higher velocity of the hepatic artery, which is in the same 
direction. (d) Abnormal pulsatile portal flow with a pul-
satility fraction (PF) of more than 50% (adapted from 
Denault et al. [26])
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definition in order to measure the thickness between 
the mucosa and the muscularis propria [36, 37]. 
However, this assesment requires considerable 
skill and experience from the ultrasonographer.

This parameter has been proved to be clinically 
important. In a prospective study by Valentova 
et  al. bowel wall thickness was measured in 165 
congestive heart failure patients with a reduced left 
ventricular ejection fraction (≤40%) [37]. Patients 
who presented a weight loss of ≥5% in the past 
6 months had higher bowel wall thickness. When 
bowel wall thickness information was added to a 
model integrating right atrial pressure, TAPSE, 
New  York Heart Association functional class, 
left ventricular ejection fraction, left atrial area 
and C-reactive protein, it resulted in a significant 
improvement in discrimination between cachexic 
and non-cachexic patients. These results suggest 
that directly assessing bowel congestion is a prom-
ising tool for the clinician as the individualisation 
of treatment in order to avoid chronic bowel edema 
might potentially prevent cardiac cachexia.

40.5	 �Assessment of the Kidneys

In decompensated heart failure patients, an elevated 
CVP is the best predictor of renal failure when com-
pared to cardiac index, systolic blood pressure and 
pulmonary capillary wedge pressure [38]. The 
impact of elevated CVP on intrarenal hemodynamic 

can be assessed by Doppler ultrasound. In physio-
logical condition, blood flow in the interlobar veins 
is continuous during the cardiac cycle. With high 
CVP, venous flow transforms into a discontinuous 
biphasic pattern similar to the Doppler pattern seen 
in the hepatic veins. With severe right heart failure, 
venous flow transforms into a monophasic discon-
tinuous pattern with flow being present only during 
diastole (Fig. 40.5) [39]. Discontinuous flow in the 
interlobar renal veins can be linked to the CVP 
waveform during the cardiac cycle. As CVP 
increases and the IVC becomes non-compliant, the 
CVP waveform is transmitted deep into the renal 
parenchyma. Flow in the interlobar vein can be 
observed during the systolic and diastolic filling of 
the right atria (during the X and Y descent on CVP 
waveform). As right heart failure worsens, intra-
renal venous flow becomes monophasic reflecting 
the predominance of the Y descent of the CVP 
waveform analogous to the variation in the S/D 
ratio in the hepatic vein waveform (decrease filling 
of the right atria during systole) [40].

Iida et al. has shown that the intrarenal venous 
flow pattern strongly correlated with death from 
cardiovascular disease and unplanned hospitaliza-
tion for heart failure independent of renal resis-
tance index, CVP and hemodynamic status 
including echocardiographic parameters [39]. In 
this study, patients with the monophasic discontin-
uous flow pattern also had lower estimated glomer-
ular filtration rate (55 mL/min/1.73 m2) compared 
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Fig. 40.5  (a) Examination of renal venous flow using 
color Doppler (b) Kaplan-Meier curves at 1-year follow-
up for the probability of freedom from death from cardiac 
causes and unplanned hospitalizations for heart failure of 

three classifications of intrarenal venous flow which 
include the [1] continuous flow, [2] biphasic discontinuous 
flow and [3] monophasic discontinuous flow. D, diastolic; 
S, systolic (adapted with permission from Iida et al. [39])
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with continuous and biphasic flow (67  mL/
min/1.73 m2) (p = 0.005). Figure 40.6 summarizes 
the relationship between right ventricular, central 
venous pressure waveforms and Doppler signals 
from the hepatic, portal and renal venous flow.

40.6	 �Assessment of the Lungs

While pulmonary edema is not a feature of iso-
lated right heart failure, it can be present when 
a degree of left ventricular dysfunction or mitral 
insufficiency is present and can have an important 
clinical impact. Detection of sub-clinical pulmo-
nary edema or increased extravascular lung water 
(EVLW) could avoid pulmonary complications 
and improve functional class. Bedside physi-
cal examination, CVP measurements and chest 
X-ray do not predict increased EVLW measured 
by transpulmonary thermodilution, suggesting 
that those techniques do not have sufficient sen-
sitivity to detect early fluid overload [41]. While 
normal lung parenchyma cannot be visualized 
with ultrasound imaging because of air which is 
impermeable to ultrasound, the image generated 
by thickened interlobular septas produce an arte-
fact called pulmonary B-lines also referred to as 
“comet tail artefacts” (Fig. 40.7). The detection of 
pulmonary B-lines is possible with a linear probe 
or a phased array probe placed over the paraster-
nal, mid-clavicular, anterior axillary and mid axil-
lary lines at the 2nd, 3rd, 4th and 5th intercostal 
spaces. Visualization of B-lines identifies the 
presence of alveolar-interstitial syndrome which 
can be explained by congestive pulmonary edema 
secondary to heart failure or acute respiratory 
distress syndrome (ARDS). Edema can be semi-

quantitatively assessed by recording the number 
of B-lines present in multiple lung fields [42]. 
The presence of B-lines has been correlated to 
capillary wedge pressure and invasively measured 
EVLW [43]. B-lines have also been proven to be 
more reliable than chest X-ray for the evaluation 
of EVLW in patients with ARDS [44]. This infor-
mation can be obtained within a few minutes with 
a short learning curve [45]. Lung ultrasound has 
been used for the evaluation of pulmonary con-
gestion in a variety of different settings such as 
the differential diagnosis of dyspnea in the emer-
gency department [46], the evaluation of chronic 
heart failure in an outpatient setting [47] and fluid 
status in hemodialysis patients [48]. In the inten-
sive care setting, the predominance of pleural 
B-lines can predict elevated EVLW measured by 
transpulmonary thermodilution [43]. It is impor-
tant to note that interstitial lung disease such as 
idiopathic pulmonary fibrosis can also produce 
B-lines on pulmonary ultrasound examination 
[49]. To avoid this pitfall, pulmonary ultrasound 
must be interpreted in the light of other findings 
from the patient’s medical background, physical 
examination and ultrasound of the other systems.

Pleural effusions are usually present in 
patients with significant fluid overload. A pleural 
effusion can be detected on a posteroanterior 
chest X-ray at a volume of 200 mL [50]. Bedside 
pleural ultrasound examination can reliably 
detect pleural effusion with better sensitivity than 
the chest X-ray and chest auscultation [51]. An 
anechoic pleural effusion is compatible with a 
transudate that could be caused by congestive 
heart failure. Bilateral anechoic pleura effusions 
in a patient with normal serum albumin level are 
highly suggestive of fluid overload.

a b c

Fig. 40.7  Pulmonary congestion. (a) Chest radiograph of 
an 86-year-old man and lung ultrasound images (b, c) 

show diffuse B-lines in zones 1 and 5 (with permission of 
Denault et al. [82])
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40.7	 �Assessment of Neurological 
Manifestations of Fluid 
Overload

While the utility of ultrasound examination of the 
nervous system in the setting of right heart fail-
ure is not yet clear, it should be an area of active 
investigation as cerebral congestion might be a 
contributing factor increasing the risk of cogni-
tive dysfunction in chronic congestive heart fail-
ure patients [52, 53] and promoting delirium in 
hospitalized patients with acute decompensated 
heart failure [54, 55]. While the impact of right 

heart failure on the central nervous system has 
not been documented, it is plausible that elevated 
CVP could impair cerebral perfusion by increas-
ing intra-cranial pressure (ICP) and decreasing 
the arteriovenous pressure gradient resulting 
in encephalopathy of varying severity [56, 57]. 
In an acute setting, severe venous congestion 
impairing cerebral perfusion could represent an 
indication for the urgent induction of a negative 
fluid balance.

Bedside ultrasound can be used to detect ele-
vated ICP by the measurement of the optic nerve 
sheath. The technique is presented in Fig. 40.8. 

Posterior
chamber

Posterior
chamber

Nerve
sheath

Nerve
sheath

6.4 mm

a

c

b

d

Fig. 40.8  Optic nerve sheath measurement. (a) The site 
for measuring the diameter of the optic nerve sheath is 
shown. A 3 mm perpendicular line is drawn from the mid-
dle of the optic nerve, at which point the transverse mea-
surement of the optic sheath is performed. Note that the 
measurement includes the sheath and stops at the transi-
tion contrast between the optic nerve and surrounding tis-

sue. (b) A 2D image displays the ocular structures and 
optic nerve sheath. (c) Ultrasound of the eye orbit from an 
85-year-old patient after aortic valve replacement with 
significant post-operative fluid balance. The optic nerve 
diameter was 6.4 mm. (d) Optic nerve 2D images of pap-
illedema (arrow) in a brain dead patient for organ dona-
tion (adapted with permission of Denault et al. [82])
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Fig. 40.9  Transcranial Doppler color-coded duplex sonog-
raphy. The middle cerebral artery (MCA) is interrogated 
using a transthoracic probe positioned over the right temporal 
region. (a) A 2D image of the circle of Willis with color 
Doppler (Nyquist 43  cm/s) where flow interrogation is 
obtained. (b) Sample volume positioning in the vessel allows 
precise determination of the MCA velocity spectral Doppler 

profile. (c) Transcranial Doppler changes in the MCA mean 
flow with progressive increase in intracranial pressure (ICP) 
are shown compared with normal MCA flow trace and nor-
mal ICP. LMCA left middle cerebral artery, LACA left ante-
rior cerebral artery, LPCA left posterior cerebral artery, SAP 
systolic arterial pressure, DAP diastolic arterial pressure 
(adapted with permission of Denault et al. [82])

The diameter threshold of 5.2–5.9 mm has been 
used to detect increased ICP.  The diagnostic 
accuracy for the detection of intracranial hyper-
tension has been assessed in multiples observa-
tional studies showing good diagnostic accuracy 
compared with invasive monitoring [58].

Transcranial Doppler offers the possibility to 
assess blood flow in the cerebral vessels when 
the probe is positioned in the temporal region. 
This technique has been used to monitor vaso-
spasm in patients with subarachnoid hemor-
rhage, for the diagnostic of cerebral circulatory 
arrest and for the monitoring of cerebral embo-
lism during surgery [59–61]. In the context of 
an increase in ICP, transcranial Doppler exami-
nation shows a reduction of flow velocity in 
diastole as shown in Fig. 40.9. Multiple studies 
have shown good correlation between the pul-

satility index and elevated ICP [62–64]. While 
the relationship between CVP and cerebral 
blood flow has not been described systemati-
cally, our local experience suggests that sig-
nificant venous congestion in an acute setting 
could impair diastolic blood flow in the cere-
bral arteries. Transcranial Doppler is a highly 
operator dependent technique and adequate 
imaging is impossible to achieve in up to 10% 
of patients due to inadequate temporal window. 
However using two-dimensional echography to 
identify the acoustic cranial window increases 
the success rate to 95% [65]. Anatomical vari-
ants of the circle of Willis can also alter the 
interpretation of the exam. Finally, transcranial 
Doppler waveform are known to be modified 
by other factors such as arterial pressure and 
steno-occlusive vessel disease.
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690

40.8	 �Conclusion: Integrating 
Ultrasound Assessment into 
Practice

Clinical assessment of the congestive heart failure 
patient relies on the integration of multiple param-
eters having their own advantages and caveats 
(Table 40.2). As such, patient management should 
not be based on an individual finding in ultrasound 
assessment but enhancing physical examination 
with the use of bedside ultrasound offers the pos-
sibility for early detection of the impacts of venous 
congestion on end-organs. An overview of the pro-
posed multisystem organ congestion evaluation 
using ultrasound is shown in Fig.  40.10E. This 
assessment can be repeated to monitor the response 
to therapy during hospitalization or during outpa-
tient follow-up. The presence of multiple signs of 

organ congestion may predict adverse outcomes 
and this hypothesis is currently being studied in an 
acute setting. Two examples are presented in 
Figs. 40.11 and 40.12. It should be noted that cen-
tral nervous system evaluation for congestion 
using transcranial Doppler and optic nerve mea-
surement is based on local experience in selected 
cases and should be further studied before being 
used at the bedside. To be competent in the use of 
bedside ultrasound, clinicians should seek Point-
of-care ultrasound training based upon current rec-
ommendations from expert statements [66–68].

The integration of the understanding of the 
pathophysiology of a clinical syndrome and ultraso-
nographic assessment as described in this chapter 
may help to individualize the diuretic management 
of patients with acute or chronic right heart failure 
to avoid the adverse effects of venous congestion.

Table 40.2  Clinical and ultrasound signs of fluid overload and their associated characteristics

Clinical signs of fluid overload

Fluid balance and weight – Advantages: Objective and included in routine care
– �Limitations: Does not consider cardiac function, not necessarily representative of 

end-organ congestion and can lead to misinterpretation of fluid status

Peripheral edema – Advantages: Part of routine examination
– �Limitations: Can be caused by hypoalbuminemia, venous insufficiency and non-use, 

not necessarily representative of central organ congestion and can lead to 
misinterpretation of fluid status

CVP measurements – Advantages: Usually available in critically ill patients
– �Limitations: Require a central venous access, important technical caveats and 

measurements are modified by pleural pressure in mechanically ventilated patients

Intra-abdominal pressure 
monitoring

– �Advantages: Detection of intra-abdominal hypertension due to fluid overload is 
clinically important

– �Limitations: Intra-abdominal hypertension is not specific to fluid overload. A bladder 
catheter is required

Ultrasound signs of fluid overload

IVC collapsibility and 
diameter

– Advantages: Short learning curve and non-invasive
– �Limitations: Can be modified by other factors such as positive pressure ventilation 

and other conditions impairing venous return to the right atria
– �Cut-off for CVP > 10 mmHg in spontaneously breathing patients [12]: CI < 40% 

(sensitivity: 73% specificity: 85%) or IVC diameter > 2.0 cm (sensitivity 73% 
specificity 84%)

JVP estimation – Advantages: Rapid and non-invasive
– �Limitations: Same limitations as CVP. Has been reported to underestimate CVP [20]
– �PPV of 81.3% for CVP > 8 cm H2O, NPV of 96.4% for CVP ≤ 5 cm H2O [81]

Hepatic vein flow – �Advantages: Dynamic marker of central hemodynamics: A reduction in the 
systolic-to-diastolic ratio is observed with right heart failure and/or tricuspid 
regurgitation [25]

– �Limitations: Not necessarily representative of end-organ venous congestion

W. Beaubien-Souligny et al.
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Fig. 40.10  Extra-cardiac ultrasound signs of fluid over-
load. (a) Internal jugular vein (IJV), (b) Inferior vena 
cava (IVC), (c) hepatic venous flow (HVF), (d) portal 
venous flow, (e) optic nerve diameter, (f) trans-cranial 
Doppler, (g) pulmonary B-lines and (h) renal interlobar 

vein Doppler [39]. AR atrial reversal, D diastolic veloc-
ity of HVF, HV hepatic vein,  RA right atrium, S systolic 
velocity of HVF (adapted with permission from Iida 
et al. [39] and Beaubien-Souligny et al. [84])

Pulsatile portal flow – Advantages: Marker of hepatic venous congestion [30]
– Limitations: Not studied in critically ill patients

Pulmonary B-lines – �Advantages: Marker of pulmonary congestion: able to detect early increase in 
EVLW [43]

– Limitations: Can be present in ARDS and pulmonary fibrosis

Discontinuous intrarenal 
venous flow

– �Advantages: Marker of the effect of elevated venous pressure on renal 
hemodynamics [39]

– Limitations: not studied in critically ill patients

Optic nerve diameter – �Hypothesis: Potential marker of increased ICP caused by important cerebral 
congestion

– �Diameter > 5.2–5.9 mm: Sensibility: 90%, Specificity: 85% for intracranial 
hypertension [58]

Transcranial Doppler – �Hypothesis: Assessment of cerebral hemodynamics which could be altered by 
venous congestion

– �PI > 1.26–1.34: Sensitivity: 80–89%, Specificity 90–97% for intracranial 
hypertension [62]

ARDS acute respiratory distress syndrome, CI collapsibility index, CHF chronic heart failure, EVLW extra-vascular 
lung water, ICP intra-cranial pressure, JVP jugular venous pressure, IVC inferior vena cava, NPV negative predictive 
value, PI pulsatility index, PF pulsatility fraction, PPV positive predictive value

Table 40.2  (continued)
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a b

c d

Fig. 40.11  Doppler assessment of portal and intra-renal 
flow in a 57 years-old female patient with chronic severe 
tricuspid valve insufficiency who underwent surgical 
repair. Before surgery, Doppler assessment showed: (a) 
portal flow pulsatility (pulsatility fraction (PF) of 66%) 
and (b) monophasic discontinuous intrarenal venous flow 
(only in diastole). Two days after surgery, Doppler assess-

ment showed (c) minimal portal flow variations (PF: 27%) 
and (d) biphasic discontinuous intrarenal venous flow 
(both in systole and diastole). Renal function improved 
from a serum creatinine of 102  μmol/L before surgery 
(estimated glomerular filtration rate (eGFR): 47  mL/
min/1.73 m2) to 63 μmol/L (eGFR > 60 mL/min/1.73 m2) 
2 days after surgery

a b

Fig. 40.12  Doppler assessment of portal flow in an 
80  years-old male patient admitted for decompensated 
congestive heart failure with severe left and right ventricu-
lar dysfunction (LVEF: 20%), severe pulmonary hyper-
tension (systolic PAP: 65  mmHg), significant tricuspid 
regurgitation (Grade III/IV) and elevated NT-Pro-BNP 

measurements (11,618 pg/mL, normal <300 pg/mL). (a) 
Upon admission, portal flow was reversed (PF > 100%). A 
negative fluid balance of 1.2 L was achieved during the 
first day with the use of IV furosemide. (b) The following 
day, Doppler assessment of the portal vein revealed mod-
erate pulsatility without reversal (PF: 35–50%)
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Abstract

Interventional cardiology was developed more 
in the past 2–3 decades, especially with new 
treatment options for congenital heart disease 
such as atrial septal defect, patent ductus arte-
riosus, ventricular septal defect and pulmo-
nary valve stenosis. These techniques avoid 
open-heart surgery. Good long-term results 
allow treated children to have a normal life.

Recent advances in interventional car-
diology were due to the discovery of new 
techniques, some of them are revolution-
ary techniques, and also due to the technical 
improvement of materials used for procedures: 
new types of balloons, guidewires, devices to 
oclude intracardiac communications, which 
assured optimal results after the procedure.

In recent decades, with all medical advances, 
congenital heart diseases are also common in 
adults because some diseases in this category 
are well tolerated until adulthood and due to a 
specific pathology in patients who had under-
gone cardiac surgery in childhood (lung failure, 
residual shunts, or valve stenosis).

Keywords

Interventional cardiology · Atrial septal  
defect · Ventricular septal defect · Patent  
ductus arteriosus · Pulmonary valvuloplasty · 
Interventional procedures

41.1	 �Introduction

In recent years, interventional cardiology in con-
genital malformations has made real progress, 
some malformations being treated only by inter-
ventional maneuvers, and in complex malforma-
tions, with the help of a good collaboration with 
cardiac surgery, interventional procedures ensure 
survival of the infant until the age at which com-
plete corrective surgery is possible.

The incidence of congenital heart defects is 
0.6–1% of the annual number of live births, and 
the diagnosis is made today in utero via fetal 
ultrasound, making possible early treatment to 
ensure survival. When fetal echocardiography 
detects complex cardiac malformations  
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incompatible with long term survival after birth, 
therapeutic abortion is recommended.

The complexity of congenital heart diseases 
requires a classification of them, which is listed 
in Table 41.1.

41.2	 �Percutaneous Pulmonary 
Valvuloplasty

Percutaneous pulmonary valvuloplasty can be 
defined as the mechanical expansion of a valvular 
or supravalvular pulmonary stenosis by means of 
a percutaneous balloon catheter inserted into a 
peripheral vein, often the femoral vein.

Percutaneous pulmonary valvuloplasty 
(Seldinger technique) was performed for the first 
time by Semb et al. in 1975 using a Berman angi-
ography catheter.

Table 41.1  IPCCC classification of congenital heart dis-
ease and most common diagnoses (International Pediatric 
and Congenital Cardiac Code (IPCCC) [1]

Classification 
category Most common diagnoses

Abnormalities of 
position and 
connection of the 
heart

Dextrocardia

Atrial situs inversus

Double inlet left ventricle 
(DILV); double inlet right 
ventricle (DIRV)

Transposition of the great 
arteries (TGA)

Double outlet left ventricle 
(DORV); double outlet right 
ventricle (DORV)

Common arterial trunk (CAT), 
aka truncus arteriosus (TA)

Tetralogy of Fallot 
and variants

Tetralogy of Fallot (TOF)

Pulmonary atresia (PA) and 
ventricular septal defect (VSD)

Abnormalities of 
great veins

Superior vena cava (SVC) 
abnormality

Inferior vena cava (SVC) 
abnormality

Coronary sinus abnormality

Total anomalous pulmonary 
venous connection (TAPVC) 

Partially anomalous pulmonary 
venous connection (PAPVC)

Abnormalities of 
atriums and atrial 
septum

Atrial septal defect (ASD)

Patent foramen ovale (PFO)

Abnormalities of 
AV valves and AV 
septal defect

Tricuspid regurgitation (TR)

Tricuspid stenosis (TS)

Ebstein’s anomaly

Mitral regurgitation (MR)

Mitral stenosis (MS)

Mitral valve prolapse (MVP)

Atrioventricular septal defect 
(AVSD)

Abnormalities of 
ventricles and 
ventricular septum

Single ventricle

Ventricular imbalance: 
dominant LV + hypoplastic RV, 
or dominant RV + hypoplastic 
RV

Aneurysm (RV, LV, or septal)

Hypoplastic left heart 
syndrome (HLHS)

Double chambered right 
ventricle (DCRV)

Ventricular septal defect (VSD)

Table 41.1  (continued)

Classification 
category Most common diagnoses

Abnormalities of 
VA valves and great 
arteries

Aortopulmonary window (AP 
Window)

Pulmonary stenosis (PS), 
valvar or subalvar

Pulmonary artery stenosis 
(PAS)

Aortic stenosis (AS), valvar or 
subalvar

Aortic insufficiency (AI)

Bicuspid aortic valve (BAV)

Supravalvar aortic stenosis 
(SVS)

Coarctation of the aorta (COA)

Interrupted aortic arch (IAA) 

Abnormalities of 
coronary arteries, 
arterial duct and 
pericardium; AV 
fistulae

Anomalous origin of coronary 
artery from pulmonary artery 
(ALCAPA)

Patent ductus arteriosus (PDA)

© 2012 Fahed and Nemer, licensee InTech. This is an 
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The technique was then improved by Kan for 
children in 1982 and Pepine for adults in the 
same year [2]. Experience in this field was 
enriched by Ali Kahn in 1986, who introduced 
the double balloon technique and by B. Maier in 
1986, who described the technique of pulmonary 
valvuloplasty using a trifoil balloon catheter 
(three identical balloons of 15 mm mounted on a 
single shaft) [2].

From anatomical point of view, congenital 
pulmonary stenoses are classified as follows [3]:

•	 valvular stenoses, made by welding the pul-
monary valve commissures and creating the 
appearance of “dome” shaped valve, making a 
punctiform orifice or a few millimeters orifice 
located centrally or eccentric. The cusps may 
have various structures: spongy, fibrous, col-
lagenous or mixed. The number of cusps var-
ies from one to three, making different degrees 
of stenosis in the valve opening. In a smaller 
percentage, there is a hypoplasia of the pul-
monary valve ring and a dysplasia of the pul-
monary valve [4].

•	 supravalvular stenosis, generally repre-
sented by a circular membrane formation 
located 2–3  cm above the valvular plane, 
which makes a pressure gradient at this 
level.

•	 stenosis of the main branches of the pulmo-
nary artery or in the periphery of the lung 
fields.

To these types, it may be added an infundibu-
lar right ventricular stenosis, which is of two 
types: muscular (dynamic) or fibro-muscular [5].

Pulmonary valve anatomy is very important in 
the decision-making process, especially in the 
case of percutaneous balloon pulmonary 
valvuloplasty.

The severity of pulmonary valve stenosis can 
be quantified according to the following values of 
the pulmonary transvalvular pressure gradient [6]:

•	 mild up to 40 mmHg
•	 moderate 40–70 mmHg
•	 severe over 70 mmHg.

When pulmonary transvalvular pressure gra-
dient is above 80 mmHg, there is a marked hyper-
trophy of the right ventricular walls, accompanied 
by tricuspid insufficiency of various degrees and 
frequent association of a patent oval foramen [7].

After divulsion of the pulmonary valve commis-
sures, the pulmonary transvalvular pressure gradi-
ent is decrease, over the time the right ventricle 
hypertrophy will decrease. Because pulmonary 
flow will increase significantly, symptomatology 
improves after valvuloplasty [8].

Most of the time, pulmonary valve stenosis is 
associated with other malformations, particularly 
in complex cyanogenic diseases such as: tetral-
ogy of Fallot, trilogy of Fallot, double outlet right 
ventricle, transposition of the great vessels etc. In 
these cases of complex congenital diseases, pul-
monary valvuloplasty may be a palliative treat-
ment until complete full surgical correction.

These diseases are accompanied by a very low 
pulmonary flow that can endanger the life of the 
newborn, pulmonary valvuloplasty increase the pul-
monary flow, providing a better oxygenation of the 
blood and lowering right-left shunt through defects 
at various levels: atrial septal defect, ventricular 
septal defect and patent ductus arteriosus [9].

The indications of percutaneous pulmo-
nary valvuloplasty are summarized in the fol-
lowing congenital maladies [7]:

•	 isolated pulmonary valve stenosis (not associ-
ated with other malformations)

•	 supravalvular pulmonary stenosis
•	 stenosis of the main branches of the pulmo-

nary artery
•	 stenosis of the peripheral branches of the pul-

monary artery
•	 pulmonary valve stenosis associated with cya-

nogenic complex malformations: tetralogy of 
Fallot, trilogy of Fallot, double outlet right 
ventricle and transposition of the great vessels 
and protected lung.

•	 pulmonary valve stenosis in non-cyanogenic 
diseases, in which it has the role to protect the 
lung against increased pulmonary blood flow: 
atrial septal defect, ventricular septal defect, 
anomalous pulmonary venous drainage.
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Percutaneous pulmonary valvuloplasty is 
indicated for isolated pulmonary valve stenosis in 
the following cases: pulmonary transvalvular 
pressure gradient over 50 mmHg, electrocardio-
graphic marked right ventricular hypertrophy and 
symptomatoms as: fatigue, dyspnea, angina and 
syncope (Table 41.2).

In cyanogenic congenital diseases, pulmonary 
valvuloplasty is recommended in the following 
situations [7]:

•	 pulmonary transvalvular pressure gradient 
over 40 mmHg

•	 low pulmonary blood flow, characterized by 
poor circulation on chest radiography

•	 progressive and marked hypoxemia and 
polycythemia

•	 frequent hypoxic seizures.

Although in this last category of malforma-
tions, pulmonary valvuloplasty is only a pallia-
tive treatment, it is very useful because it 
ensures a higher pulmonary flow, which leads 
to better oxygenation, to disappearance of 
hypoxic crisis and it prevents the death of the 
infant, making possible the corrective surgery 
after [9].

In order to select correctly the group of 
patients for percutaneous pulmonary valvulo-
plasty, a diagnostic catheterization is initially 
performed, which consists of:

•	 measurement of pressures in all right heart 
cavities, showing the degree of pulmonary ste-
nosis by measuring transvalvular gradient 
peak (Fig. 41.1)

•	 taking oximetry samples from all cavities in 
order to detect intracardiac shunts

•	 angiography with contrast agent, to analyze 
the morphology of right ventricular, pulmo-
nary valve aspect, pulmonary valve ring size 

Table 41.2  Classification of pulmonic stenosis [10]

Class I Exertional dyspnea, angna, syncope, 
presyncope

Asymptomatic, normal cardiac output, peak 
gradient 50 mmHg

Class 
IIa

Asymptomatic, normal cardiac output, peak 
gradient 40–49 mmHg

Class 
IIb

Asymptomatic, normal cardiac output, peak 
gradient 30–39 mmHg

Class 
III

Asymptomatic, normal cardiac output, peak 
gradient <30 mmHg

Fig. 41.1  Recording pullback pressure from pulmonary artery into the right ventricle

L. Pinte et al.
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in order to choose the size of the balloon and 
the diameter of the pulmonary artery branches. 
The stenosis of the ejection tract is best seen 
when performing angiography of the right 
ventricle; it may be associated with pulmo-
nary valve stenosis or hypoplasia of the pul-
monary valve ring and/or of the pulmonary 
artery trunk (Fig. 41.2)

If the patient has indications for balloon val-
vuloplasty in the same session, dilation of the 
pulmonary valve is performed. Dynamic mus-
cular stenosis of the right ventricular ejection 
tract does not benefit from balloon dilatation 
because ventricular muscles do not react favor-
ably, on the contrary, it increases the infundibu-
lar gradient through mechanical irritation [11].

41.2.1	 �The Technique of Pulmonary 
Valvuloplasty

This procedure can be performed by several 
venous approaches, usually approaching the 
femoral vein, but also the transhepatic or jugular 
veins in newborns with anomalies of the venous 
system afferent to inferior vena cava.

Percutaneous pulmonary valvuloplasty con-
sists in inserting on femoral vein sheath of a 5–7 F 
catheter with terminal hole into the pulmonary 
artery (Berman catheter or multi-purpose cathe-
ter), on which an extra stiff 0.035–0.038″ metallic 
guidewire is inserted up to one of the pulmonary 
artery branches, after which the probe is with-
drawn and the guidewire remains in place [12].

The dilatation balloon with 5–9  F shaft is 
introduced on this guidewire, which is positioned 
in the pulmonary valve, the markers on the bal-
loon help us to positionate it correctly.

The balloon catheters used in pulmonary val-
vuloplasty may be of several types [13]:

•	 a single balloon that has the disadvantage of 
stopping the pulmonary blood flow during 
inflation.

•	 two balloons, used when the diameter of the 
pulmonary valve ring is greater than 18–20 mm.

If two balloons are used during valvuloplasty, 
the following formula is used to calculate the 
actual balloon diameter [14]:

	
Effective balloon diameter D1 D2= +( )0 82. .

	

D1 and D2 are the diameters of the two 
balloons.

•	 Bifoil balloon
•	 Trifoil balloon that allows blood to pass 

through during inflating the balloon, moderate 
hypotension is recorded.

•	 The Inoue balloon is used in the last few years 
on a smaller scale, which has the advantage of 
increasing its diameter as needed so that post-
valvuloplasty residual pressure gradient is as 
small as possible.

Choosing of the diameter of the dilatation bal-
loon is based on the diameter of the pulmonary 
valve ring, which is measured angiographically, 
the optimal ratio diameter of the balloon/diame-
ter of the pulmonary valve ring is 1.2–1.4 and for 
thickened pulmonary valves, it is 1.5 or even 
slightly over in the case of the dysplastic pulmo-
nary valves [15, 16].

Fig. 41.2  Right ventricular angiography highlighting the 
stenosis of outflow of right ventricle, associated with pul-
monary valve stenosis and hypoplasia of main pulmonary 
artery (arrow)
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It is considered that dysplastic pulmonary 
valves have thick cusps with welded commis-
sures. Even if a larger balloon diameter is intro-
duced, it is taken into account the resistance 
opposed by the greater thickness of the cusp. 
Balloon diameter/pulmonary valve ring diame-
ter ratio should not exceed 1.5  in order not to 
produce severe pulmonary insufficiency [17].

The recommended length of the balloon is 
20 mm for infants and newborns, 30 mm for chil-
dren and adolescents and 40 mm for adults [18].

Today there is a wide variety of pulmonary 
valvuloplasty balloons that are used depending 

on the age of the patient since the balloon shaft 
for infants should not be larger than F6 in order 
to avoid complications involving the femoral 
vein.

The balloon-catheter positioned in the pulmo-
nary valve is inflated with diluted contrast agent 
2–8.5 atm for 5–60 s, then it is deflated and with-
drawn on the guidewire until the inferior vena 
cava (Fig. 41.3).

After pulmonary orifice dilation, the pulmo-
nary transvalvular residual gradient is measured 
with a single-hole probe and it is appreciated if it 
is an optimal result or if it is necessary to change 

a b

c

Fig. 41.3  (a) Angiography of the right ventricle reveals 
in dome shaped opening of the pulmonary valve. (b) 
Inflated balloon in the pulmonary valve with incision on 

the balloon—unique balloon technique. (c) Fully inflated 
balloon without incision
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the balloon by a larger one when the residual 
pressure gradient is too high.

The immediate and long-term results of percuta-
neous pulmonary valvuloplasty both in isolated pul-
monary stenoses and in those of complex cyanogenic 
congenital malformations are as follows [7]:

•	 decrease of right ventricular to pulmonary 
artery pressure gradient.

•	 increased pulmonary blood flow.
•	 decrease of the right to left oximetry shunt.
•	 increased peripheral arterial oximetry.
•	 possibility of remodeling the pulmonary vas-

cular bed and left heart cavities.
•	 improving cyanosis, dyspnea and fatigue.
•	 better psychosomatic development for infants 

and children.

For complex cyanogenic congenital malfor-
mation, pulmonary valvuloplasty provides the 
opportunity for corrective surgical treatment after 
a period of time when the somatic development 
of the infant allows it, and the pulmonary vascu-
lar bed is already prepared to take a larger amount 
of blood from the venous circulation, without 
postoperative acute right heart failure.

In adults, the result of valvuloplasty is very 
effective and it persists for a long time, pulmonary 
valve restenosis was recorded in 8% of patients.

Complications of the pulmonary valvulo-
plasty are generally rare and frequently transient 
without compromising the patient’s life. Death 
was quoted in 0.24% of patients who underwent 
percutaneous pulmonary valvular surgery [13].

Acute postprocedural complications may be:

•	 transient modifications were quoted with a 
frequency of 0.35%: hypotension when inflat-
ing the balloon, frequently when single bal-
loon is used; bradycardia; heart blocks (1st or 
2nd degree AV block); arrhythmias (tachycar-
dia or ventricular fibrillation, cardiac arrest)

•	 breaking the balloon because of increased 
inflation pressure

•	 tricuspid insufficiency resulting from breakage 
the chordae tendineae of papillary muscles

•	 bleeding at the percutaneous puncture site, 
which rarely requires transfusion.

Late complications most commonly found 
are:

•	 occlusion of the femoral vein through local 
thrombosis especially in neonates and infants 
(cited as 19%).

•	 pulmonary valve insufficiency, which is often 
low grade and it can be quantified on echocar-
diography, but without hemodynamic influ-
ence on the right ventricle (if pulmonary 
insufficiency exceeds grade 2, the right ven-
tricle responds by dilating its cavity). In rare 
cases, the severity of post-procedural pulmo-
nary insufficiency is grade 3 and it is main-
tained over time, so it requires percutaneous 
implantation of a pulmonary valve.

•	 restenosis of the pulmonary valve is rare and it 
depends on certain factors.

Long-term studies have shown that pulmonary 
restenosis after valvuloplasty is rare, 10%, being 
dependent on two important factors [19]:

•	 the anatomy of pulmonary valve, thickened 
valves respond relatively well with commis-
sures opening, while dysplastic valves exhibit 
an elastic recovery phenomenon (recoil) 
remaining after procedure with a high gradi-
ent, over 40–50 mmHg, often requiring surgi-
cal intervention

•	 optimally, balloon diameter/valvular ring 
diameter ratio must be between 1.2 and 1.5, so 
that immediately after valvuloplasty the gradi-
ent should be less than 30 mmHg.

After pulmonary valvuloplasty, the patient’s 
follow-up is performed by Doppler echocardiog-
raphy in order to track the evolution of the 
gradient.

It was found that, in general, if the gradient is 
only at the level of the valve, it remains almost 
unchanged over time, but if there is an associated 
infundibular reaction it is noted that the gradient 
decreases over time (in weeks or months) by 
reducing the dynamic muscle component, which 
is reversible [20, 21].

If right after procedure, the gradient at the 
level of the right ventricle outflow tract is greater 
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than 50  mmHg, β-blocker therapy is adminis-
tered, after which at follow-up echocardiography 
made several months after, shows an important 
decrease of the pressure gradient at this level.

The follow-up protocol includes: physical 
examination, chest radiography, electrocardiog-
raphy and echocardiography at 6  weeks and 
6 months, then one examination per year (to mea-
sure the pressure gradient and check for resteno-
sis phenomenon).

41.3	 �Angioplasty for Pulmonary 
Artery Branches

It should be noted another type of pulmonary ste-
nosis, the stenosis of the main or distal pulmo-
nary artery branch which in terms of the balloon 
dilatation technique it differs by choosing the 
diameter of the balloon, as well as by producing 
more marked elastic recoil than other types of 
stenosis.

For this type of stenosis, immediate results 
were suboptimale when was used balloon only 
and they became optimal when a stent is 
implanted.

Stenosis of the main and peripheral branches 
of the pulmonary artery occur with a frequency 
of 2–3% in congenital heart diseases, such as 
tetralogy of Fallot, and pulmonary atresia associ-
ated with ventricular septal defect [7].

Stenosis may be isolated or associated with 
long hypoplastic segments, it may be congenital 
or the result of a surgical correction, when they 
appear:

•	 at the anastomosis site of a shunt,
•	 in the terminal portion of an enlargement 

patch,
•	 at the anastomosis site of the unifocalization 

of the branches,
•	 torsion or stretching after arterial switch or 

Norwood surgery [13, 22] (Fig. 41.4).

In young children with pulmonary artery ste-
nosis unassociated with other congenital heart 
diseases rarely appear symptoms and treatment 
under 5  years of age is not recommended in 

a

b

c

Fig. 41.4  Different localizations of stenoses of pulmonary 
artery branches. (a) Stenosis of the right pulmonary artery 
branch (pressure gradient 50 mmHg). (b) Stenosis of left 
inferior lobar pulmonary artery associated with poststenotic 
dilatation of distal artery (pressure gradient was 80 mmHg). 
(c) Stenoses of bifurcation of the left lobar pulmonary artery 
(patient 8 years old with William–Beuren syndrome)
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asymptomatic patients [13]. Patients with associ-
ated congenital heart diseases may not tolerate 
relatively mild degrees of pulmonary artery ste-
nosis if a surgery procedure is necessary [13]. 
Older patients with severe proximal stenosis or 
multiple distal stenoses may have normally dis-
tributed perfusion, but severely elevated main 
pulmonary artery and right ventricular pressure 
[13]. This patients have symptoms: dyspnea, lim-
ited ability to increase cardiac output with exer-
cise and risk for sudden death.

Rarely, stenosis occurs together with inflam-
matory mediastinal disease (radiation or inflam-
matory mediastinitis) or extrinsic compression 
by tumoral mass.

In terms of pathophysiology, stenosis of a 
peripheral branch of the pulmonary artery 
decreases pulmonary blood flow in pulmonary 
parenchyma, with an increase in systolic pressure 
in the main pulmonary artery and right ventricle.

The more stenoses of peripheral branches, the 
higher the systolic pressure in the trunk of the pul-
monary artery and secondary an overload of the 
right ventricle will appear. In these cases, symp-
toms related to the decrease of blood flow in the 
pulmonary parenchyma (dyspnea and poor devel-
opment of pulmonary circulation associated with 
the stenosed segment) or the right overload (right 
heart failure, arrhythmias, sudden death) [23].

Treatment for pulmonary artery stenoses is 
indicated in patients:

•	 right ventricular pressure is more than 75% 
systemic

•	 significant symptoms.

41.3.1	 �Technique of Peripheral 
Pulmonary Angioplasty

Pulmonary angiography is the first step in the 
diagnosis of branch stenosis and it indicates the 
degree of stenosis and the distal diameter of the 
affected vessel.

A guiding catheter for coronary dilatation is 
inserted into main pulmonary artery or in the 
proximal pulmonary artery branch where the ste-
nosis is; on it, a 0.014″ (for newborn and chil-

dren) or 0.035″ guidewire is inserted through 
stenosis distal from the affected vessel. For each 
stenotic lesion the guidewire is advanced into a 
stable position with the stiff portion of the guide-
wire extended past the stenosis for support. The 
dilating balloon is advanced over the wire and 
positioned at the level of vessel stenosis. It is 
important to ensure that the balloon is not pro-
truding into a small side branch (risk of vessel 
rupture) and is in a good position [13].

The balloon has two times the diameter of the 
vessel’s distal diameter at a high pressure for 
30–60 s if the patient it is hemodynamically sta-
ble. The recoil phenomenon (elastic recovery) 
occurs frequently due to the muscular structure 
of the vascular wall [12] (Fig. 41.5).

When the pulmonary branch stenosis is tough, 
often in the distal pulmonary branches, a special 
balloon with metal blades called “cutting balloon” 
is used to dilate fibromuscular stenosis [7]. This 
balloon has three or four microtome blades fas-
tened along the length of the balloon, with inflation 
the blades protrude approximately 10 thousandths 
of an inch above the surface the balloon [13]. These 
blades will create three or four equally spaced 
micro-incisions than ideally extend through the 
thickened intima and into the media of the vessels 
[13]. The spaced weakened areas should be the 
areas of expansion during angioplasty. The recom-
mended “cutting balloon” diameter is slightly less 
than the diameter for simple angioplasty balloon 
and should not be chosen one larger than 10% of 
the normal vessel diameter [13].

This type of balloon requires attention as it 
may cause vascular intimal injury or even rupture 
of the vessel, which would require emergency 
implantation of a covered stent.

A new era opened after implantation of stents, 
an era in which the resolution of peripheral pul-
monary stenoses became reality. The stent 
implanted in a vessel with a muscular wall struc-
ture keeps the vessel open after the procedure 
with an optimal result because can not appear 
elastic recovery phenomenon.

Stents for children have small sizes, coronary 
stents between 4 and 6  mm in diameter are 
inserted using 0.014″ guidewire [11]. Proximal 
main branch pulmonary arteries in adult have 
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16–20  mm diameter, sometime may be signifi-
cantly larger. Primary lobar branch pulmonary 
arteries has typically 5–10 mm in diameter [13].

Sometimes stenoses are located at the bifurca-
tion of two lobar branches and then the “kissing” 
technique is used, which consists in inflating 
simultaneously two stents, thus maintaining both 
vessels with optimal result. In this situation, a sin-
gle Judkins right coronary guiding catheter 8 Fr is 
used, if is necessary to use two balloon technique, 
we must have two guiding catheters which are 
inserted through separate femoral approach [24].

If the stenoses are tough, due to a fibroelastic 
structure in the vascular wall, initially a cutting 
balloon is used (balloon which has cutter blades 
on its surface) for predilatation and then the stent 
is implanted. This type of balloon is used to cut 
the fibroelastic structure and it allows an optimal 
position of the stent in the vascular lumen.

41.3.2	 �Complications of Peripheral 
Pulmonary Angioplasty

Immediate complications [7]:

•	 dissection of tunica intima of the vessel, fre-
quently recorded after using cutting balloon, it 

requires inflating the balloon for 5 min, and if 
the dissection maintains, it is necessary to 
implant a stent

•	 rupture of the vessel with haemorrhage in the 
related pulmonary parenchyma, which can be 
solved by implanting a covered stent or by 
occluding the vessel using Gianturco-Rubin coil

•	 acute development of an aneurysm of the ves-
sel requires the implantation of a covered stent.

•	 stent migration to the distal portion of the ves-
sel, which implies its withdrawal, some time 
can be difficult.

Late complications could be:

•	 pulmonary edema related to the dilated vessel, 
due to increased pressure of perfusion in distal 
part of the vessel

•	 intrastent restenosis possible because the 
diameter of the stent is small at this level.

•	 Obstruction caused by late thrombosis of the 
stent.

The benefits after pulmonary angioplasty are: 
a good perfusion of the lung segment, decrease 
the systolic pressure in main pulmonary artery 
and right ventricle, the patient became 
asymptomatic.

1 2

Fig. 41.5  (1) Right inferior lobar pulmonary artery ste-
nosis (pressure gradient was 75 mmHg at a patient with 
William–Beuren syndrome). (2) The angiographic image 

of artery after dilatation with 6 mm balloon (pressure gra-
dient after angioplasty is 7 mmHg)
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Follow-up of patient with pulmonary angio-
plasty is at 6 months: echocardiography, CT or 
MRI, quantitative radionuclide pulmonary perfu-
sion scan and cardiac catheterization (if it is nec-
essary a stent implantation).

41.4	 �Radiofrequency Treatment 
in Pulmonary Valve Atresia

Pulmonary atresia may be of two anatomical 
types, depending on which therapeutic approach 
is chosen [25]:

•	 pulmonary valve atresia—pulmonary valve is 
a fibrous membrane with the right ventricle 
infundibulum normally placed and located at a 
short distance from the trunk of the pulmonary 
artery. In this case, the pulmonary circulation 
is provided by the patent ductus arteriosus and 
the two branches of the pulmonary artery con-
fluent with the existing pulmonary artery 
trunk are highlighted.

•	 pulmonary atresia associated with ventricular 
septal defect, where the right ventricle outflow 
tract is located at distance from the trunk of 
the pulmonary artery, if it exists.

In the first case, it can be made a passage 
through the membrane with a guidewire up to 
the pulmonary artery trunk and balloon dilata-
tion, with restoration of the normal anterograde 
flow from the right ventricle to the pulmonary 
artery.

41.4.1	 �Technique

There are three techniques for introducing a 
guidewire from the infundibulum of the right 
ventricle into the trunk of the pulmonary artery:

•	 insert a guiding catheter for right coronary 
artery only through femoral approach to 
reach the infundibulum of the right ventricle, 
on which a 0.014″ guidewire is inserted with 
the hard side and pushed through the 
membrane.

•	 insert a laser guidewire into the guiding cath-
eter that easily penetrates the membrane

•	 insert a radiofrequency wire, which perforates 
the membrane, reaching the trunk of the pul-
monary artery.

After any of the three guidewires was intro-
duced into the pulmonary artery, insert a 0.014″ 
guidewire and a 3 mm diameter coronary dilata-
tion balloon, to create an orifice that allows intro-
ducing a balloon with larger diameter according 
to the diameter of the valve ring, which is fre-
quently more than 7 mm [26].

Using a 0.035″ guidewire, the dilatation bal-
loon is inserted according to the diameter of main 
pulmonary artery and an optimal orifice is cre-
ated between the right ventricle and the pulmo-
nary artery.

41.4.2	 �Complications

Major complications were cited in this type of 
interventional procedure:

•	 inability to pass through the membrane, with 
perforation in pericardium and secondary 
pericardial tamponade

•	 thromboembolic events
•	 infection
•	 death.

It is an interventional procedure that may 
increase the survival rate in newborns dependent 
on the arterial duct, which is maintained open 
with prostaglandins.

41.5	 �Transcatheter Valve 
Replacement 
of the Pulmonary Valve

A few years after surgery of tetralogy Fallot, 
severe pulmonary insufficiency may occur lead-
ing to dilatation of the right ventricle over time. 
In these cases, a pulmonary valve can be 
implanted percutaneously in the native pulmo-
nary valve ring. Special attention is given to cases 
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with annuloplasty and pericardial patch that 
enlarges the main pulmonary artery and/or the 
major branches of the pulmonary artery.

Indications for pulmonary valve replace-
ment are not very clearly defined:

•	 symptomatic patients with severe pulmonary 
regurgitation with right ventricle dysfunction 
and/or dilatation

•	 symptomatic arrhythmias and severe pulmo-
nary regurgitation and dysfunction of the right 
ventricle

•	 severe pulmonary regurgitation with dysfunc-
tion of right ventricle and objective evidence 
of decreased exercise tolerance in asymptom-
atic patients

•	 moderate or severe pulmonary regurgitation 
with other associated lesions: residual ventric-
ular septal defect, tricuspid regurgitation [13].

Very important for case selection are: electro-
cardiogram (right ventricular hypertrophy), Holter 
monitoring (ventricular or supraventricular arrhyth-
mias), chest X-ray, echocardiography (right atrial 
and ventricular dilatation, severe pulmonary regur-
gitation) and MRI three-dimensional reconstruc-
tion (for selecting the site of implantation).

41.5.1	 �Technical Procedure

The procedure is performed with general anes-
thesia and monitoring ECG [13]:

•	 cardiac catheterization—the access is through 
femoral vein with 8 Fr sheath and femoral artery 
with 5 Fr sheath. With a Judkins right coronary 
catheter 5 Fr perform the right catheterization 
for hemodynamics. The Terumo 0.035 inch it is 
used to get a good distal position of the right or 
left pulmonary artery. Than exchange the cath-
eter with an ultra—stiff wire 0.035 inch.

•	 Angiography must be performed in out flow 
tract of right ventricle and main of pulmonary 
artery for the site and size of pulmonary ring.

•	 Remove the 8 Fr sheath and dilate the femoral 
vein with 14 Fr and than with a 22 Fr dilatator 
for delivery system through the skin.

•	 The valve is washed 5 min in normal saline.
•	 The delivery system is prepared with the valve 

crimped over the BIB—balloon.
•	 The delivery system is advanced over the stiff 

guidewire 0.035 inch into out flow tract of 
right ventricle. Pulled back on the shaft of the 
outer sheath and performed an angiography on 
the side arm of the outer sheath to see the posi-
tion of valve.

•	 The inner balloon is inflated and confirms its 
position in the pulmonary valve. Than the 
outer balloon is inflated to its full dimension 
to implant the valve stent assembly. Both bal-
loons are deflated simultaneously.

•	 The delivery system is removed and the multi-
track catheter is advanced over the wire for 
hemodynamics (right atrium, right ventricle, 
and pulmonary artery pressure, right ventricu-
lar out flow tract gradient).

•	 An angiography is performed above the valve 
to assess valvular and paravalvular 
regurgitation.

The delivery system is available 18, 20, 22 and 
24 mm (indicates the size of the outer balloon of 
the BIB).

Follow-up is clinical, echocardiographic and 
chest X-ray at 6 month and 1 year.

41.6	 �Atrial Septostomy

Arial septostomy is a palliative interventional 
procedure used in transposition of the great ves-
sels to save the life of the newborn from the very 
first days of life until complete corrective surgery 
is possible.

Transposition of the great vessels is a complex 
cyanogenic congenital diseases from birth, where 
survival is achieved by the shunts between the 
two circulatory paths, pulmonary and systemic 
(which are parallel) at interatrial or interventricu-
lar level.

When the link between the two circulatory 
paths is made only at the level of atrial septum, 
and this communication is small, restrictive, then 
the survival of the newborn is reduced to a few 
days after birth. If there are large interatrial or 
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interventricular communications, the child sur-
vives only a few years [12].

In the following images is presented the angio-
graphic diagnosis of a transposition of the great 
vessels as follows: from the ventricle placed ante-
riorly which morphologically resembles the right 
ventricle, emerges the aorta which receives 
venous blood, and from the ventricle placed pos-
teriorly which morphologically resembles the left 
ventricle emerges the pulmonary artery which 
receives oxygenated blood from the microcircula-
tion through the pulmonary veins (Fig. 41.6) [7].

When there is a transposition of the great ves-
sels with restrictive interatrial communication, 
there is a partial break in the atrial septum, thus 
increasing free bidirectional communication 
between the two atria, which leads to increase of 
oximetry in the right cavities of the heart with the 
reduction of cyanosis which is initially very big.

If atrial communication is restrictive and it 
does not allow good interatrial mixing, this may 
also be due to a large gradient between the mea-
sured pressures of the two atria, generally it 
exceeding 3–4 mmHg. This pressure gradient is 
significantly reduced if a corresponding septos-
tomy balloon is inserted and optimal result means 
that remaining gradient is less than 2 mmHg [7].

Sometimes pressure gradient decreases tran-
siently after inflating the balloon and then it 
grows a little bit in a few hours, due to the elastic 
recoil phenomenon of the atrial septum, which at 
that age behaves as an elastic membrane.

41.6.1	 �The Technique of Atrial 
Septostomy

The technique of atrial septostomy consists in 
inserting a balloon at the level of atrial septum 
and breaking it by inflating the balloon.

Initially, a diagnostic catheterization is per-
formed with the measurement of pressures and 
oximetries in each heart cavity, followed by angi-
ography with contrast agent which puts the diag-
nosis of certainty according to great vessels 
origin.

If there is an atrial communication, it should 
be measured the pressure gradient between the 
two atria, and if there is no such communication, 
oval fossa will be forced for septostomy using a 
Judkins right coronary catheter 4 Fr with guide-
wire 0.014″ to pass atrial septum [27].

The actual technique consists in introducing a 
diagnostic catheter with open end through inter-
atrial communication through which a guidewire 
0.014″ is inserted into left pulmonary vein or into 
left ventricle for stability.

A peripheral dilatation balloon having a conve-
nient diameter according to the age of the newborn 
is inserted on the guidewire. This balloon inflates 

Fig. 41.6  The angiographic diagnosis of transposition of 
the great vessels, the aorta originates from the right ven-
tricle and the pulmonary artery originates from the left 
ventricle

41  Interventional Procedures



710

at the level of the atrial septum, resulting in partial 
breakage of it with the achievement of large inter-
atrial communication through which the blood cir-
culates freely bidirectional (see Fig. 41.7) [27].

The following picture shows 8  mm balloon 
completely inflated at the level of atrial septum.

The peripheral balloon is not used anymore 
because the elastic recoil phenomenon was too 
high few hours after, so today septostomy is per-
formed with a special Rashkind balloon that 
inflates in the left atrium and then withdrawn vig-
orously through the atrial septum, breaking it.

It is also possible to use a cutting balloon 
when the atrial septum is thick and it can not be 
broken only by the sudden withdrawn of the 
Rashkind balloon [27].

This interventional procedure was performed 
only in patients whose atrial communication was 
restrictive, with right to left atrial pressure gradi-
ent over 4 mmHg, and the residual gradient after 
septostomy 1–2 mmHg, allowing a good mixing 
at this level [28].

The left atrium pressure curve is presented 
with pullback of the catheter in the right atrium 
and recording a 1 mmHg gradient between them.

Aortic oximetry is important, initially it has very 
low levels, than it increases and provides better tis-
sue oxygenation. In general, peripheral saturation in 
transposition of the great vessels is the smallest of 
all cyanogenic complex heart malformations reach-

ing 75–79% SpO2  in the aorta, which favors the 
development of a major polycythemia, favoring 
thrombosis especially in intracranial circulation 
with consecutive cerebrovascular accident.

Peripheral saturation in the aorta increases 
significantly after the procedure, reaching values 
of 86–89% SpO2, which is the equivalent to the 
oximetry in severe tetralogy of Fallot, but it 
ensures the survival of the patient with these oxi-
metric values.

41.6.2	 �Benefits of Atrial Septostomy

The benefits of atrial septostomy are [12]:

•	 ensures patient survival until corrective 
surgery

•	 better tissue oxygenation by increasing hemo-
globin saturation in the aorta

•	 prevents cerebral thrombosis following a sig-
nificant polycythemia.

41.6.3	 �Results

In the approached cases, survival rate was 90% 
and patients who were operated had favorable 
outcomes.

In conclusion, atrial septostomy may be a first 
palliative alternative for transposition of the great 
vessels, as a first step before complete surgical 
correction.

Worldwide today, it is performed echocardiog-
raphy to diagnose the fetal disease and prosta-
glandins are administrated to the mother in order 
to maintain permeable the arterial duct after birth, 
thereby ensuring a new communication between 
systemic and pulmonary circulation [7].

41.7	 �Embolization

Systemic arterio-venous fistulas are a group of 
vascular anomalies characterized by abnormal 
communications between systemic arteries and 
veins without normal capillary development, 
with a left to right shunt from the high pressure 
arterial to the low pressure venous system [13].

Fig. 41.7  The guidewire is inserted into right pulmonary 
vein and the balloon with the markers positioned at the 
level of atrial septum
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Depending on the shunt volume, it may cause 
right ventricular overload, increased cardiac output 
and decrease of the peripheral vascular resistance.

Embolization is an accepted primary therapeutic 
approach in systemic arterio-venous fistulas, some-
times needing to be combined with surgery [13].

Embolization is an interventional maneuver 
useful in certain congenital heart diseases, and 
also in vascular malformation, as well as in anas-
tomoses acquired in particular after trauma.

Of the cardiac malformations in which embo-
lization with various embolization agents is fre-
quently used, we can recall [7]:

•	 collateral bronchial circulation in tetralogy of 
Fallot

•	 pulmonary arteriovenous fistula
•	 coronary fistulas, when there is a coronary 

steal syndrome associated with angina
•	 arteriovenous fistulas at the level of different 

vessels
•	 aortopulmonary surgical derivation performed 

in extreme tetralogy of Fallot to provide a con-
venient pulmonary blood flow (Fig. 41.8)

•	 hypervascularized tumors (hemangiomas).

All therapeutic decisions should be made spe-
cific for every case, optimal closure technique is 
determined by the anatomy of fistula vessel.

Embolization material can be divided into 
two broad categories:

•	 temporary embolization material consisting 
of Gelfoam, the effect of this material generally 
lasts for about 10–12 days, after which the ves-
sel is permeable again, but it is advantageous 
because in case of surgery only a small bleed-
ing occurs in the wound.

•	 permanent embolization material consist-
ing of:
–– liquid chemical agents represented by pure 

ethanol at a concentration of 90%, ivalon, 
agents containing cyanoacrylate monomers.

–– Special coils: different types of Gianturco 
coils, detachable coils, microcoils are used 
for permanent embolization of various 
malformations.

–– Device closure: Amplatzer vascular plug, 
Amplatzer duct occluder for vessels with 
large diameter.

–– Covered stent is not a typical embolization 
material, but it is useful in post-traumatic 
fistulous communication between big arter-
ies and veins. Covered stent is implanted in 
the artery and can be balloon expandable or 
self-expandable.

In the catheterization lab, embolization was 
performed for congenital heart and vascular 
defects as follows [12]:

•	 bronchial collaterals in tetralogy of Fallot
•	 surgical aortopulmonary derivation
•	 hemangiomas with various localizations
•	 pulmonary arteriovenous fistula

In extreme tetralogy of Fallot where surgery is 
at high risk, a pulmonary derivation can be made 
in a first time in order to achieve a good blood 
flow in the pulmonary artery and in the same time 
to develop the pulmonary circulatory bed with the 
purpose to prepare it for corrective surgery [29].

In the following pictures is shown a case of 
occlusion of surgical aortopulmonary derivation 
prior to complete corrective surgery (Fig. 41.9).

This derivation has a calculated diameter of 
7 mm and, depending on this, a Gianturco coil of 
5  mm diameter was chosen. Calculation of the 

Fig. 41.8  Angiography shows a right bronchial artery 
collateral at a patient 4 year-old with Tetralogy of Fallot
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diameter of goretex prosthesis used in derivation 
is shown in Fig. 41.9.

Pulmonary arterio-venous fistulas is another 
congenital malformation that can be approached by 
embolization with Gianturco coils (see Fig. 41.10).

Complications which may occur in the embo-
lization of a congenital malformation consist in:

•	 migration of embolization material distally 
into arterial tree

•	 tissue necrosis located distal from the emboli-
zation site

•	 hemolysis occurring only in significant resid-
ual flow and should be treated with additional 
embolization

•	 infection [30].

a b

c

Fig. 41.9  (a) Selective angiography of aortopulmonary derivation. (b) Embolization of aortopulmonary derivation 
from the arterial side with the 5 mm diameter Gianturco coil. (c) Calculating the diameter of the device to be implanted

Fig. 41.10  Angiography before embolization of an 
arterio-venous pulmonary fistula
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41.8	 �Closure of Atrial Septal 
Defect

Atrial septal defect is one of the most common 
congenital malformations seen in older patients 
and currently it can be solved without surgery, 
using interventional maneuvers through which 
various devices are implanted at the level of the 
atrial septum. In recent years, there has been a 
growing concern to make such devices that can be 
implanted to avoid surgery.

The concerns of interventionist cardiolo-
gists in this field have led to the invention of 
many types of devices, each of which has its 
advantages and disadvantages. Briefly, I will 
present some types of closure devices for atrial 
septal defects used quite often in today 
practice.

Anatomically atrial septal defect is of several 
types:

•	 ostium primum
•	 ostium secundum
•	 venous sinus type
•	 inferior cava type
•	 unique atrium
•	 cribriform (multiple communications in atrial 

septum).

These types are exemplified in the diagram 
below, which highlights how much atrial commu-
nication varies regarding their location in the sep-
tum, shape, and number [31].

Of these types of interatrial communication, 
only two are approachable interventionally: 
ostium secundum and cribriform type.

Patient selection for atrial septal defect inter-
ventional closure is performed by 2D and 
transesophagial echocardiography, which estab-
lishes [7, 32]:

•	 the anatomical type of communication
•	 the number of communications
•	 the type of communication, it is important to 

have an approximation in order to know if it 
can be covered with the device altogether or it 
will remain with shunt no matter how large the 
device would be.

•	 the atrial septum between communication and 
adjacent structures, generically called “rim”

•	 anomalies associated with atrial septal defect 
(pulmonary stenosis, partially anomalous pul-
monary venous connection, aortic stenosis, 
mitral regurgitation, other).

At TEE, the rims are carefully monitored, they 
are necessary to allow the device to catch the 
remaining atrial septum and to be stable with low 
embolization risk [33, 34]:

•	 upper rim—to upper superior vena cava
•	 superoposterior rim—located close to the 

right pulmonary vein
•	 anterosuperior rim—to the aortic wall, which 

is often absent
•	 the lower rim—to the inferior vena cava, it is 

strictly necessary to exist.

If the patient has these rims, he meets the cri-
teria for implanting a type of atrial septal defect 
closure device.

The final evaluation is based on diagnostic 
cardiac catheterization, considering: the degree 
of pulmonary hypertension, other associated 
malformations and the position of the inferior 
right pulmonary vein [12].

Indications for atrial septal defect device 
closure:

•	 symptomatic and hemodynamically signifi-
cant shunt Qp/Qs > 1.5 or dilation of the right 
cavities

•	 patients with small atrial septal defect and a 
history of paradoxical embolism (stroke, TIA 
or peripheral embolism).

Contraindications for atrial septal defect 
device closure [13]:

•	 association of anomalous pulmonary venous 
drainage

•	 sinus venosus atrial septal defects
•	 ostium primum atrial septal defect
•	 rim deficiency below 5 mm to: superior vena 

cava, inferior vena cava, right pulmonary vein, 
coronary sinus and atrioventricular level.
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•	 the association of other cardiac abnormalities 
requiring surgical intervention

•	 total pulmonary resistances greater than 8 
Wood units

•	 sepsis
•	 contraindications for antiplatelet therapy.

41.8.1	 �The Technique for Inserting 
the Device to Close the ASD

The technique is broadly the same regardless of 
the type of device used and consists in [13, 35]:

•	 a diagnostic open tip catheter is inserted 
through the femoral vein up to the inferior 
vena cava–right atrium–left atrium–left supe-
rior pulmonary vein

•	 insert a 0.035″ stiff guidewire 260  cm long 
into the catheter and then retract the catheter

•	 insert a balloon on the guidewire to measure 
atrial communication, the balloon is inflated at 
the level of the atrial septum and looking at 
the incision on the balloon. This is measured 
and represents the diameter of the septum hole 
and implicitly the diameter according to which 
the device size is chosen.

•	 the balloon is withdrawn and on the guide-
wire in inserted a sheath having its size cor-
responding to the diameter of the device to be 
inserted.

•	 insert the device into the sheath, the device has 
a part which attaches to the left atrium, then it 
is gently withdrawn and detach the second 
part that attaches to the right atrium; atrial 
septum being between the two parts of the 
device.

•	 the device has a cable grip system that by 
counter-clockwise spinning, it detaches from 
the device, which must stay stable on the atrial 
septum.

•	 TEE and angiographic control is performed in 
order to check the position and stability of the 
device on the atrial septum and any eventually 
residual shunt (Fig. 41.11).

There are various types of devices: Starflex 
device, Amplatzer occluder and Helex device.

The disadvantage of Starflex device is that 
after implantation, a residual shunt may remain 
between the atria by separating the distal heads of 
the two parts of the device from the septum.

There is also another atrial septal device clo-
sure device, Helex device, which is made by a 
spiralling ring of nitinol, covered by Goretex, in 
the form of a double-helix which catches the 
atrial septum between its two parts.

In practice Amplatzer septal occluder has the 
advantage that there is no residual shunt after the 
procedure [7].

This closure system is made of a material with 
thermal memory—nitinol, which has the advan-
tage of maintaining its initial shape without any 
deformation in any condition.

The Amplatzer device is selected depending 
on the on the atrial septum anatomy: if the defect 
has adequate rims (>5  mm), usually select a 
2 mm larger than balloon stretched diameter. If 
the superior/anterior rim is deficient (5–7 mm) a 
device 4  mm larger that the balloon stretched 
diameter [13].

The echocardiographic image and transtho-
racic echocardiography after the implantation of 
the Amplatzer occluder shows that there is no left 
to right shunt in the atrial septum (Fig. 41.12).

41.8.2	 �Complications in ASD Device 
Closure

•	 embolization or migration of the device, 
which requires its withdrawal

•	 supraventricular arrhythmias, which often 
resolve spontaneously within the first 7 days 
after the procedure

•	 risk of erosion of the walls adjacent to the 
device, often when it was oversized [36, 37]

•	 pericardial effusion, requiring echocardio-
graphic follow up

•	 impossibility of unloading the disc for right 
atrium if there is a protruding Eustachio 
valve.

Closing the atrial septal defect with various 
types of devices is a feasible alternative for some 
types of atrial septal defects [38].
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Fig. 41.11  Fluoroscopic images demonstrating the step of 
closure atrial septal defect with Amplatzer septal occluder. 
(a) Guidewire in left pulmonary vein through the atrial sep-
tum (arrow). (b) The 8 Fr sheath (arrow) advanced over the 
guidewire into left atrium. (c) The left atrial disk (arrow) has 

deployed in the left atrium. (d) Deployment of the right atrial 
disk (arrow) in the right atrium. (e) The device has been 
released from the delivery cable and it is stable on atrial sep-
tum. (f) Pulmonary levophase angiogram showing the device 
on the atrial septum and without left to right shunt at this level

e f
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After the procedure aspirin therapy 81–325 mg 
per day is administered for 6 months.

Follow up of the patient at 6 months includes: 
ECG (for cardiac arrhythmia), chest X-ray and 
TEE to see if the device is in the right position 
without residual shunt.

41.9	 �Closure Systems for Patent 
Ductus Arteriosus

Another interventional procedure used in pediatric 
and adult cardiology is the closure of patent ductus 
arteriosus with various devices, such as [39]:

•	 Amplatzer device of various sizes depending 
on the size of the duct

•	 detachable Jackson Coils
•	 Gianturco coil.

Each of this types of devices used for closing 
the patent ductus arteriosus is chosen according 
to the angiographic diameter of the arterial duct 
and as it follows [13]:

•	 if the duct has a diameter greater than 4 mm, 
the Amplatzer device is preferred

•	 if the arterial duct is below 2.5–3 mm, choose 
Gianturco coil or detachable coil.

Due to the different types and varied sizes of 
devices, today almost any patent arterial duct with-
out pulmonary hypertension can be closed [39].

The advantage of implanting in the arterial duct 
of such a device is to avoid surgical intervention 
and to cancel the left to right shunt at this level.

Consideration should be given to the shape 
and diameter of the arterial duct, which can be 
determined by echocardiography and with a 

1 2

3 4

Fig. 41.12  The transthoracic echography views of the Amplatzer system implanted in the atrial septum. (1) Transverse 
section view (arrow). (2) Sub-xiphoid view (arrow). (3) and (4) Apical 4 chamber view (arrow).
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greater accuracy by angiography, after injecting 
contrast agent into the descending aorta.

If the length of the duct is great, special attention 
will be given when choosing the device because 
there is an increased risk of embolization [7].

41.9.1	 �Implantation Technique 
of the Device in the Arterial 
Duct

First diagnostic cardiac catheterization is per-
formed and then the angiography based on which 
the anatomical type of arterial duct, its diameter 
and length are established.

A Pigtail catheter 5 Fr is inserted through the 
femoral artery into the descending aorta for angi-

ographic control and for some types of devices 
which can be introduced from the arterial side 
into the arterial duct.

For the majority of patent ductus arteriosus, espe-
cially with a conical shape the Amplatzer device size 
selected (the pulmonary end) should be at least 
2 mm larger than the narrowest PDA diameter. The 
long sheath is recommended to be 7 or 8 Fr size 
depending on the size of the Amplatzer device [13].

Insert the long sheath through the femoral vein 
up to main pulmonary artery and then is guided by 
the guidewire through the arterial duct into the 
descending aorta. Through this sheath, the Amplatzer 
device is inserted into the descending aorta and it is 
withdrawn to the arterial duct, opening the arterial 
part anchored to the wall of the aorta and then the 
central part at the level of the duct (Fig. 41.13) [40].

a b

c d

Fig. 41.13  Technique implantation of an Amplatzer 
device with a diameter of 8–10 mm in the patent ductus 
arteriosus. (a) The Pigtail catheter is positioned in 
descending aorta and we can see the guidewire from pul-
monary artery through ductus arteriosus in descending 

aorta. (b) A partially deployment of Amplatzer device, 
only the arterial disk in aorta (arrow). (c) The sheath with 
device fully deployment in ductus arteriosus (arrow). (d) 
Device is detached and the angiography in aorta shows no 
left to right shunt through Amplatzer occluder
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In Fig. 41.14 PDA is shown by injecting a con-
trast agent into the aorta that initially opacifies 
also the pulmonary artery, but after the implanta-
tion of the coil inside the ductus arteriosus, the 
pulmonary artery is no longer highlighted.

41.9.2	 �Complications

The following complications are cited:

•	 bending of the long sheath inserted from the 
venous part at the levels of the infundibulum, 
the pulmonary artery trunk or the descending 
aorta with the impossibility of inserting the 
device [41–43]

•	 protrusion of the device in the aorta, narrow-
ing the aortic lumen at this level (especially in 
young children) with a pressure gradient 
which usually is not hemodynamic 
significant.

a b

c d

Fig. 41.14  Deployment sequence of detachable Jackson 
coil in a ductus arteriosus 2.5 mm diameter. (a) Angiogram 
obtain by a pigtail catheter in descending aorta—patent 
ductus arteriosus with a small diameter and left to right 
shunt (arrow). (b) Guidewire introduced from aortic root 

through ductus arteriosus it is snared in pulmonary artery 
and retrieved outside in the femoral vein. (c) The Jackson 
coil is positioned in ductus arteriosus (arrow) and angio-
gram shows that is in correct position. (d) The coil 
detached and occludes the duct without left to right shunt
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•	 embolization of the device in the descending 
aorta or in a pulmonary artery branch [44–46]

•	 infection.

Some devices are in continuous refinement, 
such as the Amplatzer occluder, which now has a 
double-disk variant, which corresponds to the 
two ends of the arterial duct, it may be inserted 
on the venous end as well as on the arterial end.

41.10	 �Transcatheter Closure 
of Ventricular Defect

Ventricular septal defect (VSD) is the most com-
mon congenital heart disease 20%.

Ventricular septal defect may have various 
anatomic types, its localization in the ventricular 
septum can be determined by performing trans-
thoracic echocardiogram in short axis parasternal 
view [13]:

•	 membranous septal defect—(defects are seen 
between 9 and 12 o’ clock)

•	 perimembranous defect—(between 7 and 9 o’ 
clock)

•	 supracristal or subpulmonary defect—
(between 12 and 1 o’ clock)

Muscular septal defects may be single or mul-
tiple (“Swiss—cheese”).

Anatomically, depending on the opening of 
the defect in the right ventricle, the VSD may be 
[47, 48]:

•	 infracristal, it opens in the middle-superior 
portion of the septum in the proximity of the 
tricuspid valve (80%)

•	 supracristal, it opens in the right ventricle out-
flow tract located under the pulmonary valve 
(5–7%)

•	 muscular, located from the apex to the mid-
muscular septum (5–20%) (Fig. 41.15)

In addition to congenital ventricular septal 
defect, it is also reported as a complication in 
acute myocardial infarction, after trauma and as 
residual defect after surgical closure of a congen-
ital ventricular septal defect. In high defects with 

a

b

c

Fig. 41.15  Various types of ventricular septal defects. (a) 
Supracristal ventricular septal defect (arrow). (b) 
Membranous ventricular septal defect (arrow). (c) 
Muscular ventricular septal defect (arrow)
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big shunt, aortic valve prolapse may occur 
(Venturi effect), causing aortic regurgitation or 
valvular aneurysm (Pezzi-Laubry syndrome).

Anatomic localization, left to right shunt quan-
tification (normally Qp/Qs  >  1.5), pulmonary 
hypertension and association with other malfor-
mations (atrial septal defect, aortic regurgitation, 
aortic stenose, double ventricular outflow tract, 
tetralogy of Fallot) are very important, to decide 
the indication for the procedure [49–51].

Indications for transcatheter closure of ven-
tricular septal defect:

•	 membranous or muscular ventricular septal 
defect demonstrated by transthoracic 
echocardiography

•	 asymptomatic restrictive ventricular septal defect 
with significant left to right shunt (Qp/Qs > 1.5).

Contraindications of ventricular septal 
defect closure:

•	 distance of less than 4 mm between the aortic, 
pulmonary, mitral and tricuspid valves and 
ventricular defect.

•	 supracristal ventricular defect
•	 sepsis
•	 pulmonary vascular resistance >8 Wood units
•	 contraindication to antiplatelet therapy
•	 smaller patients, less than 5 kg.

Patient preparation consists in administrating 
Aspirin 81 mg for children and 325 mg for adults 
48 h prior to the procedure. The procedure is per-
formed under general anesthesia and under TEE 
tracing to determine defect localization and 
neighborhood relationships with the aortic, tri-
cuspid and mitral valve before and after implan-
tation of the device.

41.10.1  �Device Implantation 
Technique

Femoral approach is performed by inserting a 4–5 
Fr sheath into the femoral artery and the 7–9 Fr 
sheath into the femoral vein. Diagnostic catheter-
ization will always be performed to determine the 

localization of the defect and its dimensions, as 
well as left to right shunts and pulmonary vascular 
resistance (less than 7 Wood units).

Left ventriculography is performed at 60° 
LAO 20° CR to determine the location and diam-
eter of the ventricular septal defect.

4 or 5 Fr Judkins right coronary catheter is 
introduced by arterial route from the aorta into 
the left ventricle and it crosses the ventricular 
septal defect.

Most frequently for crossing ventricular defect 
is used a curved 0.035 inch Terumo glide wire 
which reaches the superior vena cava or a branch 
of the pulmonary artery. The catheter is advanced 
on the guide wire up to one of these two locations 
and then it is withdrawn and replaced by the noo-
dle wire (AGA Medical) [52, 53].

This guide wire is snared using a gooseneck 
snare and exteriorized out through the right femoral 
vein, an arterio-venous wire loop is created starting 
from the femoral vein up to the femoral artery. TEE 
is very important in this moment to see if the loop 
passing through chordae or leaflets of valves [13].

Over the noodle wire, the delivery sheath is 
advanced from the femoral vein into the ascend-
ing aorta. From the femoral artery, a Judkins right 
coronary catheter is passed over the wire and 
touches the dilatator of the sheath. The dilatator 
is drawn back into the inferior vena cava and then 
the sheath is withdrawn by torquing it counter-
clockwise above the aortic valve and the noodle 
wire and the sheath are pushed into the left ven-
tricle apex. Then the wire is retrieved from the 
Judkins catheter [13].

A proper device size is attached to the cable 
and with a pusher catheter it is advanced on the 
sheath in the apex of the left ventricle.

The left disk is deployed and the sheath is with-
drawn over the pusher catheter, the platinum marker 
is checked carefully and it should be pointed 
towards patient’s feet (correct position) [13].

When the left disk is confirmed to be in good 
position by angiography and TEE, the connecting 
waist and right disk of the device are deployed. If 
the position of the device is correct, the final step 
is to release the device rotating it counterclock-
wise and the cable should be immediately brought 
inside the sheath (see Fig. 41.16).
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a b

c d

e f

Fig. 41.16  The implantation technique of the Amplatzer 
device in the membranous ventricular septal defect. (a) 
Cine fluoroscopy image after the deployment of left ven-
tricle disk (arrow) was brought close to the ventricular 
septum. (b) The Amplatzer occluder is fully deploy and is 
not detached (arrow). The platinum marker is orientated 

correctly towards the patient’s feet. (c) Amplatzer 
occluder is detached (arrow). (d) Left ventriculography 
demonstrating good position of device at the ventricular 
septum without left to right shunt. (e) Amplatzer occluder 
is correctly positioned and stable (arrow). (f) Aortography 
without aortic regurgitation (arrow)
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Echocardiography and left ventriculography 
highlight the correct position of the device in the 
ventricular septum and whether or not there is a 
residual shunt.

Complications of ventricular septal defect 
closure [54, 55]:

•	 device embolization or migration. It is a rare 
complication and the device may migrate to 
the left or right ventricle, aorta or pulmonary 
artery. The device can be snared and 
retrieved.

•	 arrhythmia, which may be a ventricular 
arrhythmia during catheter or device handling 
or conduction disorders up to complete atrio-
ventricular block.

•	 air embolization is a rare complication.
•	 hemolysis is usually associated with residual 

shunt after device implantation.
•	 aortic, tricuspid or mitral valvular regurgita-

tion may occur.
•	 pericardial effusion is a very rare complica-

tion, it appears when the guide wire perforates 
the ventricular wall during the procedure.

The follow-up protocol includes: physical 
examination, chest radiography, electrocardiog-
raphy and echocardiography at 6  weeks and 
6 months.

Interventional cardiology procedures are 
effective treatments for congenital heart diseases 
with a high rate of success, both for children and 
for adults.
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Open Surgery for Pulmonary 
Thromboembolism

Ionel Droc

Abstract

Acute massive pulmonary embolism (PE) is a 
life threatening condition requiring quick 
diagnosis and intervention. The mortality rate 
in this acute entity is high despite progress in 
therapeutically strategies. Acute PE is the 
third most common cause of death among 
hospitalized patients. Currently, multidisci-
plinary teams with cardiovascular surgeons’ 
involvement have introduced again the surgi-
cal embolectomy on cardiopulmonary bypass 
for high risk patients with PE and also for 
selected patients with intermediate-high risk, 
particularly if thrombolysis is contraindicated 
or failed. There is also recent evidence data 
that supports prompt multidisciplinary 
approach and individualized indication of sur-
gery before hemodynamic collapse, while the 
mortality rates are of 6% or less. Complete 
removal of thrombotic material from pulmo-
nary arteries is the best predictor to avoid per-
sistent pulmonary artery hypertension. Acute 
pulmonary embolectomy on cardiopulmonary 
bypass is safe and it has good and long-lasting 
results in patients with severe right ventricular 
dysfunction.

Keywords

Pulmonary embolism · Pulmonary embolec-
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42.1	 �Introduction

Acute massive pulmonary embolism (PE) is a life 
threatening condition requiring quick diagnosis 
and intervention. The mortality rate in this acute 
entity is high despite progress in therapeutically 
strategies. Acute PE is the third most common 
cause of death among hospitalized patients [1–3]. 
In United States, it occur in approximately 
530,000 cases of symptomatic PE annually and 
about 300,000 people die every year from acute 
PE [1, 2, 4].

The first surgeon who attempted pulmonary 
embolectomy for PE was Trendelenburg, the 
founder of German Surgical Society in 1905 via 
thoracotomy. This was before the time of cardio-
pulmonary bypass (CPB) used in cardiac surgery 
[5]. Kirschner, a disciple of Trendelenburg, per-
formed the first successful pulmonary embolec-
tomy in 1924. The results were discouraging and 
led many surgeons, especially in USA to develop 
other techniques. Ochsner and DeBakey advo-
cated inferior vena cava ligation to prevent PE, 
and 2 years later Homans performed the first pro-
phylactic venous ligation. The interruption of 
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inferior vena cava was accompanied by the 
decrease of cardiac output and lower extremities 
edema. To avoid this complications partial caval 
plication (by suture or special clips) were devel-
oped by Adams, DeWeese and Miles [6]. These 
procedures have also their complications, conse-
quently the percutaneous caval filters were devel-
oped and used in the last two decades. These are 
highly effective, with good and durable results, 
and with low complications rates.

In 1932, after an unsuccessful attempt to save a 
patient with massive PE, Gibbon worked inten-
sively for developing the extracorporeal circula-
tion that was crucial in the development of heart 
surgery, including pulmonary trombembolectomy. 
During 1961, Cooley used the extracorporeal cir-
culation for a PE, but only 1 year later Sharp suc-
cessfully saved the first PE patient using CBP.

42.2	 �Current Approach: Short 
Outlines

Etiology  The main etiology for PE is deep vein 
thrombosis. In the majority of cases (95%) the 
thrombus originates in the leg or pelvic veins. It 
can also arises from axillary—subclavian veins 
or renal veins [7]. Not unexpectedly, it may 
appear as redoubtable complication after main 
surgeries (within 1  month postoperatively) in 
orthopedics (25%), neurosurgery (24%) or gen-
eral surgery (22%) [8, 9].

As the population is aging, the probability of a 
venous thrombembolic event at the age of 
80 years is 10.7% [10]. From all acute pulmonary 
embolisms, 40% could develop submassive pul-
monary embolism and only 5–10% massive pul-
monary embolism [10, 11].

Diagnosis and Treatment: Brief Up to 
Date  Acute massive PE is characterized by the 
reduction of more than 50% of the main pulmo-
nary artery cross-sectional area or occlusion of 
two or more lobar arteries or clinically hemody-
namic compromise or severe right ventricular 
dysfunction [11, 12]. These patients are instable 
and are predisposed to sudden cardiac arrest. The 
main goal of treatment is to eliminate the embolic 

material (thrombus) and the prevention of recur-
rent PE. There are no randomized trials support-
ing an ideal treatment strategy.

Importantly, the diagnosis of PE should be 
done rapidly by a multidisciplinary team 
approach, mainly based on echocardiography 
and CT angiography. However, CT is superior to 
classically pulmonary angiography. The rapid 
identification and selection of the appropriate 
candidates for surgery is crucial. The evidence 
based clinical practice of American College of 
Chest Physicians guidelines outlines the indica-
tions for surgery in patients with acute PE associ-
ated with hypotension when:

•	 Patients have contraindication for thrombolysis,
•	 Failure of thrombolysis or catheter based 

thrombectomy,
•	 State of shock,
•	 The team has expertise and access to resources 

[12].

Moreover, the 2014 ESC guidelines on PE 
recommend a practical and rapid procedure if 
acute PE is suspected based on individual early 
mortality risk (see Fig. 42.1 and Table 42.1) [13].

Suspected acute PE

Shock or hypotensiona?

High-riskb Not high-riskb

Yes

PE = pulmonary embolism.
aDefined as systolic blood pressure <90 mm Hg, or systolic pressure drop
by ≥40 mm Hg, for >15 minutes, if not caused by new-onset arrhythmia,
hypovolaemia, or sepsis.
bBased on the estimated PE-related in-hospital or 30-day mortality.

No

Fig. 42.1  Initial risk stratification of acute PE.  From 
2014 ESC guidelines of Acute Pulmonary Embolism [13] 
with permission
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Shortly, the mainly initial treatment of patients 
with PE is anticoagulation therapy, typically with 
intravenous heparin [14]. Conversely, a variety of 
invasive methods emerged for selected patients, 
such as catheter based or surgical therapies, each 
of them with their benefits and complications. 
Thrombolysis is considered the first line of treat-
ment for instable PE patients [7, 9, 13]. 
Preoperative thrombolysis increases the bleeding 
risk, but is not anymore an absolute contraindica-
tion for surgery [15].

However, contraindications for thrombolytic 
therapy are prior intracranial hemorrhage, isch-
emic stroke (up to 3 months), aortic dissection, 
intracranial malignancies or arteriovenous mal-
formations, recent head injuries, and bleeding 
disorders [16, 17].

Inferior vena cava filters (IVC) should be 
placed either preoperatively or in the first 24 h 
after surgery in order to prevent recurrence of 
embolization [6]. Retrievable filters are pref-
erable because they have less complications 
rates [18].

The patient that comes with massive PE and 
cardiogenic shock should immediately start per-
cutaneous cardiopulmonary support (ECMO—
extracorporeal membrane oxygenation) in order 
to achieve hemodynamic stabilization [19].

Presently, multidisciplinary teams with car-
diovascular surgeons’ involvement have intro-
duced again the surgical embolectomy on CBP 
for high risk patients with PE and also for selected 
patients with intermediate—high risk, particu-
larly if thrombolysis is contraindicated [13].

Noteworthy, surgical pulmonary embolec-
tomy is indicated for high risk pulmonary embo-
lism patients with circulatory collapse.

Pulmonary embolectomy is done with median 
sternotomy with normothermic cardiopulmonary 
bypass or mild hypothermia. Also, it can be done 
with or without aortic clamping and cardiac arrest. 
The main pulmonary trunk is incised longitudi-
nally, and the incision can be extended to the left 
pulmonary artery. The clots are removed under 
direct sight up to the lobar and segmental level. 
Clots are typically not adherent to the artery wall, 

Table 42.1  Early mortality risk in PE.  From 2014 ESC guidelines of Acute Pulmonary Embolism [13] with 
permission

Early mortality risk

Risk parameters and scores

Shock or 
hypotension

PESI class III.V 
or sPESI >Ia

Signs of RV dysfunction 
on an imaging testb

Cardiac laboratory 
biomarkersc

High + (+)d + (+)d

Intermediate Intermediate-high − + Both positive

Intermediate-low − + Either one (or none) positivee

Low − − Assessment optional; if assessed, both negativee

PESI pulmonary embolism severity index, sPESI simplified pulmonary embolism severity index, PE pulmonary embo-
lism, PESI Pulmonary embolism severity index, RV right ventricular, sPESI simplified Pulmonary embolism severity 
index
aPESI Class III to V indicates moderate to very high 30-day mortality risk; sPESI ≥1 point(s) indicate high 30-day 
mortality risk
bEchocardiographic criteria of RV dysfunction include RV dilation and/or an increased end-diastolic RV–LV diameter 
ratio (in most studies, the reported threshold value was 0.9 or 1.0); hypokinesia of the free RV wall; increased velocity 
of the tricuspid regurgitation jet; or combinations of the above. On computed tomographic (CT) angiography (four-
chamber views of the heart), RV dysfunction is defined as an increased end-diastolic RV/LV (left ventricular) diameter 
ratio (with a threshold of 0.9 or 1.0)
cMarkers of myocardial injury (e.g. elevated cardiac troponin I or -T concentrations in plasma), or of heart failure as a 
result of (right) ventricular dysfunction (elevated natriuretic peptide concentrations in plasma)
dNeither calculation of the PESI (or sPESI) nor laboratory testing are considered necessary in patients with hypotension 
or shock
ePatients in the PESI Class I–II, or with sPESI of 0, and elevated cardiac biomarkers or signs of RV dysfunction on 
imaging tests, are also to be classified into the intermediate-low-risk category. This might apply to situations in which 
imaging or biomarker results become available before calculation of the clinical severity index
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so they are easily removable with forceps and gen-
tle suction. The pulmonary artery is closed usually 
using a pericardial patch (or synthetic one). A lon-
ger period of assistance on CPB is possibly need 
for the recovery of right ventricle function [20].

All patients should start systemic anticoagula-
tion from first postoperative day via intrave-
nously way with heparin, then warfarin. 
Importantly, they should be screened for pro-
thrombotic diseases.

To sum up, anticoagulation with heparin is the 
first step, thrombolytic therapy, catheter 
thrombembolectomy, and now surgical embolec-
tomy are methods to be individualized for every 
patient.

Prognosis  The study of Takahashi et al. [19] on 
24 patients with acute PE and circulatory col-
lapse which undergone surgical embolectomy, 
reported a 30  days mortality rate of 12.5%. Of 
note, the survival rate at 5 years was 87.5% [19]. 
In same time, the analysis of 32 patients from a 
multicentre registry in Japan, published by 
Taniguchi in 2012 (60 institutes, 1661 cases of 
PE between 1994 and 2006, from which 32 
(1.9%) with surgery, the overall mortality rate 
was 18.8%. It has to be mentioned, that 33% of 
patients were males and the mean age was 
57 years. Conversely, the mortality rate raised to 
30% if patients received preoperative percuta-
neos ECMO [21].

Later, Yavuz et al. [11] showed in a study of 
13 patients with acute massive PE which under-
gone surgery that 61.5% males with an average 
age of 61.8 had in hospital mortality of 23.1%. 
Notably, as aetiology, the deep vein thrombosis 
was present in 69.2% of cases [11].

The mortality rates after this procedure is still 
high (30–40%) [19]. Preoperative conditions 
such as cardiac arrest affect early outcomes. 
Also, preoperative shock is associated with mor-
tality rate between 11.1 and 57.1%, while cardiac 
arrest raises it between 25 and 75% [22]. Neely 
and colleagues reported in 2015 on a large study 
of 115 patients who underwent pulmonary embo-
lectomy, a mean mortality rate of 6.6%. For 
unstable patients it was greater (10.2%) in com-
parison with stable patients (3.6%). The survival 

rates at 1  year and respectively 3  years were 
68.4% and 65.8% for unstable patients, and 
respectively 86.7% and 80.4% for stable 
patients [9].

There are only a few studies that compared 
thrombolysis and surgical pulmonary embolec-
tomy for acute PE.  Particularly, they compared 
only all causes of mortality, which are not statis-
tically significant even the surgical group has a 
lower mortality rate [23].

For instance, in the International Cooperative 
Pulmonary Embolism Registry study (ICOPER) 
the mortality rate at 3 months varies from 17.4 to 
45.1% [24].

There are also recent reported studies that 
with a rapid multidisciplinary approach and indi-
vidualized indication—surgery before hemody-
namic collapse, the mortality rates are of 6% or 
less [13].

Hartman and colleagues from Texas Heart 
Institute published a study of 96 patients with 
consecutive surgeries for acute pulmonary embo-
lism and severe right ventricle dysfunction with a 
30 day overall mortality rate of 4.2% (1.4% for 
stable patients to 12.5% for unstable patients) 
[12].

Keeling published in 2016 the first and largest 
study on the outcomes of surgical pulmonary 
embolectomy on high volume centers all across 
the world, grouped as SPEAR working group 
(Surgical Pulmonary embolectomy as Routine 
Therapy). The postoperative mortality rate was 
11.7% for the entire cohort. If the indication was 
for massive PE the rate was 23.7%, but it 
decreased dramatically if the surgery was done 
for submassive PE (9.1%). These results are 
lower than those reported by Nationwide 
Inpatient Sample (NIS) with a 27.2% overall 
mortality of 2700 patients who underwent surgi-
cal pulmonary embolectomy [10].

Recently, in 2017 a published meta-analyses 
by Kalra and colleagues on 56 studies with 1590 
surgeries for PE found the hospital all-cause mor-
tality rate of 26.3% [25].

Surgical Case  Herein it is the case of a 46 years 
old man with an acute deep vein thrombosis 
(femuropopliteal), migrated to the right atrium 
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and very quickly the thrombotic material got into 
the trunk and main branches of the pulmonary 
artery. He was diagnosed with high risk PE 
(hypotension, ultrasound image of embolic mate-
rial in the right atrium and right ventricle dys-
function, and elevated cardiac biomarkers) 
(Figs. 42.2, 42.3, and 42.4).

•	 dilated right femoral veins, with spontaneous 
contrast;

•	 right popliteal vein: thrombus 80% occlusion, 
partially compressible.

Further, emergency surgery was decided and 
the patient undergone surgery in our institution. 
We performed surgical embolectomy on CPB 
with success. The CPB setting was done with 
ascending aortic and bicaval cannulation with 
caval tapes. A mild degree of systemic 
hypothermia (32 °C) was used for CBP. The aor-
tic clamping and cardiac arrest were used with 
antegrade cardioplegia. The clots were removed 
via a longitudinal incision on the pulmonary 
trunk. The arteriotomy was closed using a peri-
cardial patch (Figs. 42.5, 42.6, and 42.7).

Fig. 42.2  Transthoracic 
echocardiography 
showing the thrombus in 
the right atrium, in the 
proximity of the 
tricuspid valve (migrated 
from the femoral veins)

Fig. 42.3  Preoperative CT scan: thrombi in both pulmonary arteries and their proximal branches
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The postoperative evolution was eventless and 
the patient was discharged after 7 days. The result 
is good after a follow up of 3 years with no recur-
rences, the patient being on chronic anticoagula-
tion (Fig. 42.8).

To sum up, the complete removal of throm-
botic material from pulmonary arteries is the best 
predictor to avoid persistent pulmonary artery 
hypertension.

Fig. 42.4  Echo Doppler of lower limbs showing dilated 
right femoral veins, with spontaneous contrast: right pop-
liteal vein: thrombus 80% occlusion

Fig. 42.5  Surgical technique, on-pump intervention

Fig. 42.6  Thrombus migrated from the femoral veins 
removed from the pulmonary trunk and branches

Fig. 42.7  Pulmonary trunk with pericardial patch 
angioplasty

Fig. 42.8  Postoperative CT scan (2 months) pulmonary 
trunk and branches without any thrombotic material
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�Conclusions

Acute pulmonary embolectomy on CPB is 
safe and it has good and durable outcomes in 
patients with severe right ventricular dysfunc-
tion. The high volume cardiovascular surgery 
departments have better outcomes. Surgical 
pulmonary embolectomy should be increas-
ingly considered in acute massive and sub-
massive pulmonary embolism in patients. The 
fast identification and selection of the appro-
priate candidates is crucial.
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Surgical Management 
of Functional Tricuspid 
Regurgitation

Peter Sze Yuen Yu and Malcolm John Underwood

Abstract

Functional tricuspid regurgitation remains a 
dilemma in patients presenting with left sided 
valvular disease. The decision for intervening is 
not clear cut in patients with mild/moderate 
regurgitation and in patients with severe regurgi-
tation, placement of an annuloplasty ring may 
not be sufficient for a durable result due to leaflet 
tethering. There is no doubt that there is a trend 
for earlier intervention in patients with a dilated 
tricuspid annulus but minimal regurgitation but 
longer term follow up is required to assess the 
impact of this on long term outcomes.

Keywords

Functional tricuspid regurgitation · 
Annuloplasty · Leaflet techniques · Tricuspid 
valve replacement

43.1	 �Introduction

The term “functional” indicates extra-valvular 
etiology of tricuspid regurgitation (TR). It is due 
to dilation of the tricuspid annulus or dysfunction 

of the right ventricle, distorting the normal coap-
tation of the tricuspid valve leaflets. The causa-
tion of functional TR includes atrial fibrillation 
(“atriogenic”) [1], or pulmonary hypertension 
secondary to pulmonary or left heart pathologies 
(most notably mitral valve disease). These under-
lying conditions should be investigated and opti-
mized before proceeding to surgical correction of 
the TR alone.

Severity of TR should be assessed by 
detailed echocardiographic examination. The 
leaflet morphology should be assessed to 
exclude primary TR. Malcoaptation of the tri-
cuspid valve leaflets (edge-to-edge, edge-to-
side, or absent coaptation) is the key feature of 
functional TR. The regurgitant jet is visualized 
by colour flow Doppler, which allows assess-
ment of the vena contracta, proximal isoveloc-
ity surface area (PISA) radius, effective 
regurgitant orifice and regurgitant volume. The 
annular dilation is measured by the diameter of 
the tricuspid annulus during echocardiography, 
Tricuspid annular dimensions are measured at 
end-diastole in the modified apical four-cham-
ber view to maximise right heart size. Right 
atrial (RA) major dimension is from the centre 
of the tricuspid annulus to the centre of the 
superior RA wall, parallel to the atrial septum. 
The RA minor dimension is from the mid-level 
of the RA free wall to the septum, perpendicu-
lar to the long axis.
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43.1.1	 �When Should the Functional 
TR Be Repaired?

Early historical studies believed that tricuspid 
regurgitation would resolve after surgical cor-
rection of left heart valvular disease [2, 3] but 
recently this view has been challenged. There 
has been gaining recognition that tricuspid 
regurgitation during mitral valve surgery cannot 
be ignored. Severe TR after left heart surgery is 
associated with worse long-term survival and 
quality of life [4–8]. Functional TR can persist 
after correction of left heart pathology or nor-
malization of pulmonary arterial pressure [6, 
9–12], and mild-to-moderate TR can progress 
into significant TR [13–15]. TR can also develop 
late after mitral valve surgery [16–19], espe-
cially in those with dilated tricuspid annulus [5], 
dilated atrium, and pulmonary hypertension 
[20]. The development of significant TR may be 
associated also with atrial fibrillation, a com-
mon linkage with mitral valve disease, but not 
mitral valve disease per se [21]. Reoperation for 
redo tricuspid valve surgery is high (up to 25%) 
[22–25], and the quality of life remains poor 
[22, 24, 25]. Concomitant correction of TR is 
not associated with increased operative mortal-
ity [26, 27], a contemporary concept overriding 
the historical hurdle [28]. Concomitant correc-
tion of at least moderate TR improves the free-
dom from congestive heart failure [29], better 
RV remodeling [30], and may be associated 
with better long-term survival [17, 31, 32]. 
Concomitant prophylactic (i.e. with not greater 
than moderate TR) tricuspid valve annuloplasty 
in patients with dilated tricuspid annulus may 
prevent tricuspid regurgitation progression, 
improved right ventricular remodeling, better 
functional outcomes [33, 34], and even long-
term survival [27].

According to the latest European Society of 
Cardiology (ESC)/European Association for 
Cardio-Thoracic Surgery (EACTS) guideline, sur-
gery for functional TR should be considered [35]:

	1.	 In patients undergoing left-sided heart surgery 
with
	(a)	 Severe TR (I, C)

	(b)	 Mild or moderate TR with dilated annulus 
(≥40 mm or ≥21 mm m−2 by 2D echocar-
diography) (IIa, C)

	(c)	 Mild or moderate TR with no dilated 
annulus, but with recent right heart failure 
(IIb, C)

	2.	 In patients with severe TR after previous left-
sided heart surgery: (IIa, C)
	(a)	 Symptomatic
	(b)	 Progressive right heart dilation/

dysfunction
	(c)	 Absence of severe right heart 

dysfunction
	(d)	 Absence of severe left heart dysfunction
	(e)	 Absence of severe pulmonary vascular 

disease/pulmonary hypertension

43.1.2	 �Surgical Approach 
to Functional TR: General 
Considerations

Surgical correction of functional TR should be 
directed to tackle the pathogenesis: Annular 
Dilation and Leaflet tethering. In the initial 
phase of the pathogenesis, annular dilation 
may not lead to TR; however, as a progressive 
process, annular dilation worsens with time 
and subsequently leads to clinically-significant 
TR due to leaflet malcoaptation. The decision 
for intervention at this initial stage should be 
based on the annular dilation and not only the 
presence or absence of TR. Tricuspid annulo-
plasty at this stage addresses annular dilation 
and leaflet malcoaptation, and can effective 
correct the TR. Leaflet tethering occurs as the 
RV dilation and dysfunction progress, and 
annuloplasty alone cannot adequate correct the 
TR.  Therefore, additional procedures may be 
necessary to tackle leaflet tethering. Leaflet 
augmentation, suture bicuspidalization, clover 
technique, and tricuspid valve replacement are 
the available options to address leaflet 
tethering.

Traditionally it has been assumed that enlarge-
ment of the tricuspid annulus mainly occurs 
along the free wall of the right ventricle, while 
the septal area of the annulus remains unaffected. 
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Sizing of the annulus is therefore based on the 
dimension of the septal leaflet [36]. However, in 
cases of late presentation it is very common to 
find elongation of the septal leaflet at surgery 
(Fig. 43.1). The atrioventricular node and bundle 
of His are located along the septal area of the 
annulus, which is bounded by the Triangle of 
Koch (Septal annulus, Tendon of Todaro, 
Coronary sinus). Any suture application or ring 
placement in this area is strictly forbidden to 
avoid conduction block.

The basic setup for tricuspid valve repair is 
cardiopulmonary bypass with bicaval venous 
cannulation with or without diastolic arrest of 
the myocardium. The vena caval snares should 
be applied to minimize venous return to the 
right atrium. The right atriotomy is created, and 
the right atrial exposure is maximized by 
retractors.

The tricuspid valve repair techniques can be 
grossly classified into:

	1.	 Primary leaflet procedures:
	(a)	 Suture obliterating repair (Kay’s 

procedure)
	(b)	 Edge-to-edge repair (Clover techniques)
	(c)	 Bicuspidalization
	(d)	 Leaflet patch augmentation
	(e)	 Cord cutting with artificial cord insertion

	2.	 Annuloplasty:
	(a)	 Suture: DeVega procedure
	(b)	 Ring: Rigid/Semi-rigid/Flexible band

	3.	 Tricuspid valve replacement/reconstruction

43.2	 �Annuloplasty

43.2.1	 �Ring Annuloplasty

The basic principles of tricuspid ring annulo-
plasty involve the following steps:

	1.	 After cardiopulmonary bypass and right atri-
otomy, the anatomy and pathology of the tri-
cuspid valve is directly assessed.

	2.	 Multiple annular stitches are applied traveling 
parallel to the course of the annulus. Attention 
must be taken to avoid applying the stitches to 
the atrial wall, the leaflet tissue, and into the 
triangle of Koch (Fig. 43.2).

	3.	 Size of the annuloplasty ring is selected by com-
paring the sizer to the surface area of the anterior 
and posterior TV leaflets, and to the length of the 
septal annulus. An equally-sized or undersized 
tricuspid annulus may be chosen (Fig. 43.3).

	4.	 The annular stitches are sutured to the ring in 
a horizontal mattress manner.

	5.	 The ring is parachuted down to the tricuspid 
annulus (Fig. 43.4)

	6.	 The sutures are secured by hand-tying or spe-
cific knot-fastening device.

	7.	 The competency of the tricuspid valve can be 
assessed by water injection (Fig. 43.5). This 
can be difficult unless the pulmonary artery is 
occluded and the veins of the right ventricle 
drain the saline very quickly so this test is not 
as durable for the mitral but will ensure any 
major leaks or leaflet tethering is recognized.

Fig. 43.1  Elongation of septal leaflet at surgery (arrow)
Fig. 43.2  Annuloplasty sutures inserted as horizontal 
mattress format
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There are many different rings on the market. 
These rings can be different in size, configuration 

(i.e. complete vs. incomplete ring), and rigidity 
(i.e. rigid, semirigid, flexible band) and 2D ver-
sus 3D configurations. Incomplete rings suffi-
ciently protect the anterior and posterior portion 
of the annulus which are most prone to progres-
sive dilation. It also avoided suture application to 
the triangle of Koch, therefore can avoid conduc-
tion block. Complete rings have the advantage of 
additional stabilization of the septal area of the 
annulus, thereby completely protect the annulus 
from further dilation. Conduction block may be 
avoided by passing sutures through the base of 
the septal leaflet, instead of directly onto the 
annulus.

Rigidity of the annuloplasty ring is impor-
tant to mechanically support the tricuspid 
annulus. Although the dynamic geometrical 
change of the annulus during cardiac cycles 
might be impaired, both the annular diameter 
and the annular saddle-shaped geometry can be 
effectively restored. These properties are espe-
cially important if the tricuspid annulus is 
severely dilated resulting in severe TR. There 
is currently no solid evidence to proof the pros 
and cons of each of the above choice. Both 
rigid rings and flexible bands provide satisfac-
tory early results [37], but rigid ring annulo-
plasty had better long term freedom from TR 
[38, 39], and better reverse remodeling of the 
RV [40]. Use of rigid rings may increase the 
risk of subsequent ring dehiscence, especially 
at the septal leaflet part of the annulus [37], but 
this happens exclusively in the beating-heart 
annuloplasty [41]. This may be attributed to 
the increased shearing forces at the septal 
annulus during beating-heart procedure. There 
are also possibility of ring fracture [42, 43]. 
The annuloplasty may be performed using an 
autologous pericardial strip to structurally and 
functionally mimic an annuloplasty ring [44]. 
The recurrence after this method was also 
lower than purely suture-based annuloplasty. 
The flexible element may be integrated into a 
rigid or semirigid ring framework to combine 
the advantages of the two elements. The hybrid 
annuloplasty ring [Tri-Ad™ Adams, 
Medtronic, MN] comprises a semirigid compo-
nent for implantation to the right ventricular 

Fig. 43.3  Annuloplast ring sizing based on area of the 
non-septal leaflets

Fig. 43.4  Annuloplasty ring placement: parachute to 
level of the tricuspid

Fig. 43.5  Water test to ensure competency of the tricus-
pid valve
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free wall aspect of the annulus to function as a 
remodeling ring, and flexible bands at the two 
ends of the semirigid component to restore the 
normal 3-dimensional elliptical shape of the 
annulus to reduce leaflet stress and tethering 
[45]. Early results showed that it is safe and 
effective for TR correction.

43.2.2	 �Suture Annuloplasty

The classic DeVega annuloplasty involves appli-
cation of continuous sutures to form support to 
the anterior and posterior leaflets of the tricuspid 
valve. The principle steps involve:

	1.	 A pledgeted 2/0 polypropylene suture is 
applied starting from the antero-septal leaflet 
commissure.

	2.	 Sequential continuous sutures are applied 
through the tricuspid annulus in narrow bites

	3.	 Suturing ends at the postero-septal commis-
sure of the tricuspid valve.

	4.	 The other end of the suture runs a second row 
of continuous suture just tangential to the tri-
cuspid annulus

	5.	 The two needles run through a second pledget 
felt.

	6.	 A annuloplasty calibrator may be used to 
guide the degree of tightening of the suture 
annuloplasty. Water injection test can be done 
to test the tricuspid valve competency.

	7.	 The sutures are tightened after confirmation of 
tricuspid valve competency.

Device-based annuloplasty had been unani-
mously shown to have superior long-term free-
dom from TR compared to suture-based surgery 
(6–17% vs. 33–61%) [46–51], although the 
most recent studies revealed no significant dif-
ferences [52, 53]. Ring annuloplasty appears to 
have better long-term survival and freedom 
from TV reoperation [54]. The high and variable 
recurrence rate of TR after suture annuloplasty 
may be explained by the long suture line or the 
use of polypropylene suture, which is suscepti-
ble to disintegration as the annulus attempts to 
dilate.

43.3	 �Primary Leaflet Procedures

Nowadays annuloplasty is the mainstay of sur-
gical treatment of function TR. Isolated leaflet 
procedures has been largely obsolete. The early 
techniques of leaflet procedures has been 
known to be ineffective and are no longer used. 
A few leaflet procedures, however, might 
still  have some roles in correction of TR as 
isolated  procedure or combined with 
annuloplasty.

43.3.1	 �Suture Bicuspidalization

Suture Bicuspidalization aims at reducing the 
annulus size by using a figure-of-eight mattress 
suture plication of the posterior leaflet from 
the  anteroposterior to the posteroseptal com-
missures along the posterior annulus. This 
technique is effective in correction TR 
early post-op, while the recurrence of signifi-
cant TR in the long-term ranges from 14–16% 
[46, 55].

43.3.2	 �Leaflet Augmentation

Severe leaflet tethering from right ventricle dila-
tation is a risk factor for recurrence of TR after 
annuloplasty [46, 56, 57]. Tricuspid valve leaf-
let augmentation is an adjunct to address severe 
tethering during tricuspid annuloplasty for func-
tional TR [58, 59]. It can enlarge the surface 
area of leaflet coaptation and allow mobility of 
the leaflets. It is performed by detaching the 
anterior leaflet from the annulus, followed by 
attachment of a tailored pericardial patch to the 
annulus and to the detached anterior leaflet. The 
anterior leaflet is converted to be the coaptation 
surface, and the pericardial patch is made the 
main body of the leaflet. The size of the patch is 
tailored according to the width of incision and 
the suture width loss. Septal leaflet may also be 
augmented in the same way. The early and late 
correction results were promising (at most 9% 
recurrence of at least moderate TR at 4 years) 
[58–60].
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43.3.3	 �Cord Cutting 
and Replacement 
with Artificial Cords

This technique involves cutting any tethered pri-
mary cords and replacing them with artificial 
cords which are purposefully left longer. This is 
done so more leaflet tissue is available for coap-
tation in cases with leaflet tethering but there is 
very little in the published literature on long term 
outcomes or durability (Figs. 43.6 and 43.7).

43.4	 �Tricuspid Valve Replacement

The principle steps involved in TVR include:

	1.	 The anterior, posterior, and part of the septal 
leaflet are excised. Septal leaflet should be 

preserved to allow attachment of prosthesis. 
Recently however, it is our routine to preserve 
all leaflets and place the valve in a supra-
annular position using the leaflet tissue to re-
inforce the tricuspid annulus.

	2.	 Valve annulus sizer is used to select the appro-
priate size of prosthesis

	3.	 Multiple annular stitches are applied to the 
tricuspid annulus and to the septal leaflet. 
Needling of the septal annulus or the septal 
myocardium to avoid conduction block. To 
avoid this we place the sutures firstly through 
the free edge of the tricuspid leaflet and then 
anchor this a distance of 4–5 mm from the 
tricuspid annulus in the left atrium. This 
way, the conducting tissue is “tunneled” 
under the leaflet tissue avoiding heart block. 
(Fig. 43.8).

	4.	 Horizontal mattress stitches are applied to the 
sewing cuff of the tricuspid prosthesis. Pledget 
felts may be used to reinforce the tissue 
anchorage of the sutures

	5.	 Sutures are tightened to anchor the sewing 
cuff to the tricuspid annulus (Fig. 43.9)

TVR is prone to thromboembolic complica-
tions particularly for mechanical prosthesis (up 
to 1.28% patient/year) [61]. The operative mor-
tality of TVR remained high (17–22%) [62–
64]. TVR appeared to have less recurrence of 
moderate to severe TR, similar valve-related 
mortality or need of redo TV surgery compared 
to TV repair, but worse RV function [64, 65] 
and mid-term survival [64]. This may be 

Fig. 43.6  Artificial cord being attached to a papillary 
muscle tip after cutting the primary restricted cords

Fig. 43.7  Completed artificial cord from papillary mus-
cle to leaflet edge

Fig. 43.8  Suture placement for tricuspid valve 
replacement
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explained by the placement of a large rigid 
prosthetic material in a low-pressure cavity 
leading to progressive RV dysfunction. 
Therefore, in the absence of organic TV pathol-
ogies, TV repair should be preferred over 
TVR. A high tenting volume or antero-posterior 
annular diameter measured on real-time three-
dimensional echocardiography may predict 
severe residual TR after TV annuloplasty, and 
these patients may have TVR preferred as the 
initial operation [66].

43.5	 �Summary

Indication for correction of functional tricus-
pid regurgitation has changed now more is 
known about its pathophysiology and natural 
history. Moderate to severe TR should not be 
neglected during left-sided heart surgery, and 
prophylactic correction of mild to moderate 
TR associated with dilated tricuspid annulus 
may also improve outcomes. Annuloplasty is 
the mainstay for functional TR, but concomi-
tant leaflet procedures may be indicated to 
address annular dilation or leaflet tethering. 
Tricuspid valve replacement provides the 
ultimate armament for correction of severe 
TR,  but is associated with worse long-term 
survival.
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Surgical Strategy in Tricuspid 
Valve Endocarditis
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Abstract

Until recent years, the infective endocarditis of 
the right heart was considered extremely rare. 
In the last 20 years the incidence of this disease 
is increasing, especially for the isolated tricus-
pid valve infective endocarditis. Most frequent 
causes are: drug abuse, uterine infections, 

cardiac implantable electronic devices like 
pacemakers/defibrillators leads, other intracar-
diac devices or cardiac malformations. Medical 
treatment with antibiotics is the mainstay 
option but surgery is often required for a group 
of patients. Surgical interventions include val-
vectomy (total excision of the tricuspid valve 
without substitution), reconstruction or valve 
replacement. Surgical strategy in tricuspid 
valve endocarditis can produce satisfactory 
results. The clear indication and timing of sur-
gery remain debatable. Association with intra-
venous antibiotics is of paramount importance. 
Conservative techniques are the first choice but 
replacement remains an option when repair is 
not feasible. However, there is no clear evi-
dence supporting one technique over another.

Keywords

Endocarditis · Tricuspid valve · Tricuspid 
valve repair · Tricuspid valve re-placement · 
Right heart endocarditis · Intravenous drug 
abuser endocarditis · Intracardiac electronic 
devices endocarditis

44.1	 �Introduction

The infective endocarditis of the tricuspid valve 
is of uncertain frequency. There are studies that 
support tricuspid endocarditis as being of 5% of 
total numbers of infective endocarditis but other 
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reports consider a number up to 36% of cases. 
Moreover, there is evidence that the frequency of 
tricuspid endocarditis is increasing. The most 
important treatment is with large doses of intra-
venous antibiotics and it is generally successful. 
The surgical intervention is necessary in a rela-
tively small number of patients in which the anti-
biotic therapy proven to be unsuccessful [1].

Surgical strategy includes:

•	 Tricuspid valve excision and replacement or 
partial excision of the infected tissue followed 
by valve reconstruction.

•	 Valvectomy alone without replacement is no 
more a viable solution [2].

44.2	 �Epidemiology

The most frequent predisposing factor for tricus-
pid endocarditis is the intravenous drug abuse 
followed by the cardiac implantable electronic 
devices (pacemakers, defibrillators leads, etc.) 
and long-term central venous access catheters for 
chemotherapy and dialysis [3–5].

Up to 86% of infective endocarditis among 
intravenous drug users is on the tricuspid valve 
[4, 6].

Another important condition that can generate 
tricuspid endocarditis is genital infection after 
birth or abortion in young women [7].

There is also infective endocarditis in congen-
ital heart disease such as Ebstein’s anomaly [1].

Importantly, there are many pathological agents 
involved in the etiology of right heart endocarditis. 
The most frequent is Staphylococcus aureus—up 
to 90% of cases. Nevertheless, it can be involved 
also: coagulase-negative Staphylococci, 
Streptococci, Enterococci and HACEK organisms 
(Haemophilus aphrophilus, Actinobacillus actino-
mycetemcomitans, Cardiobacterium hominis, 
Eikenella corrodens and Kingella kingae), 
Enterococci spp. and fungi [1].

In drug abusers can be also a mixed infection. 
The number of abusers is relatively constant, but the 
accessibility to intravenous drugs leads to increased 
number of tricuspid infective endocarditis [8].

In the last 25 years the number of patients with 
cardiac electronic implantable devices increased 

with 100%. Among these, there is also an increas-
ing number of right heart infective endocarditis 
with tricuspid involvement between 5% and 8%. 
This form of endocarditis most frequently affects 
patients with various comorbidities.

There is an increase in the number of patients 
with congenital disease and previously repaired 
congenital heart disease, like Ebstein’s anom-
aly who developes tricuspid infective endocar-
ditis [9].

According to current evidence, tricuspid valve 
involvement is highly unusual in Libman–Sacks 
endocarditis (Fig. 44.1) [10, 11].

In a few words, Table 44.1 sum up the major 
differences between right sided infective endo-
carditis and left side infective endocarditis [12].

44.3	 �Indications for Surgery

The first step in the treatment strategy of tricus-
pid endocarditis is the antibiotic therapy. Patients 
treated only medical have an hospital mortality of 
less than 5%. There are only 20% who require 
surgical intervention [13, 14].

These situations are:

•	 Persistent right heart failure despite medical 
therapy.

•	 Recurrent pulmonary septic embolism.
•	 Pulmonary abscess.
•	 Intracardiac abscess, fistula, other mechanical 

complications.
•	 Septic shock.
•	 Failure of antibiotic therapy to control the 

infection.
•	 Right ventricular dilatation associated with 

severe tricuspid regurgitation [1].

Currently, the 2009 European Society of 
Cardiology (ESC) guidelines are based on limited 
evidence and suggest surgery according to [15]:

	1.	 microorganisms (fungi or failure to eradicate 
bacterial infection);

	2.	 vegetation over 20 mm with recurrent pulmo-
nary emboli;

	3.	 right heart failure due to severe tricuspid regur-
gitation with poor response to diuretic therapy.
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Also, they recommend similar medical or sur-
gical strategies and perioperative approaches for 
intravenous drug abusers  or non-intravenous drug 
abusers groups [15].

In 2014, “The American Heart Association/
American College of Cardiology” guidelines do 
not describe precisely indications for surgical inter-
vention in tricuspid valve infective endocarditis. 

a

c

e

d

b

Fig. 44.1  Macroscopy and microscopy of the involved 
tricuspid valve and vegetation. (a) Yellow arrowhead: The 
large vegetation, Blue arrowhead: rupture mainchordae 
tendinae. (b) Blue arrowheads: Multiple verrucous nodu-
lar vegetation on the atrial surface of leaflet. (c) Resected 
tricuspid valve. Blue arrowheads: multiple small vege-

atations, Yellow arrowhead: rupture main chordae tendi-
nae. (d) Microscopy of the vegetation adhered to the 
leaflet, Magnification 4×, Hematoxylin and Eosin stain. 
(e) Enlarged square area in (e) showing inflammatory cell 
infiltration and fibrin-platelet thrombi, Magnification 20×, 
Hematoxylin and Eosin stain. From Bai et al. [11]. It is an 
open access article
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They state: “Patients with infective endocarditis 
should be evaluated and managed with consulta-
tion of a multispecialty Heart Valve Team includ-
ing an infectious disease specialist, cardiologist, 
and cardiac surgeon. In surgically managed 
patients, this team should also include a cardiac 
anesthesiologist” [16]. Moreover, newly updated 
guidelines from 2017 of “the American Heart 
Association/American College of Cardiology” 
[17] are unchanged.

44.4	 �Timing of Surgery

Despite the clear effectiveness of early surgery in 
left-sided infective endocarditis the indications 
and utility of early surgery are not clear for right 
heart infective endocarditis [18].

Early surgery is recommended in patients with 
pulmonary septic emboli or with persistent bacte-
raemia. In this group, there is a more effective 
solution of infection with improvement of the 
right ventricular function and more rapid evolu-
tion. It is also important to perform early surgery 
in patients with cardiac implantable electronic 
devices, in those infected with Staphylococcus 
aureus or fungi, in those with coexisting left-sided 

endocarditis and in those with no response to the 
antibiotic treatment or other complications [19].

There is also the opinion that surgical inter-
vention should be delayed until the infection is in 
the healing phase (following completion of anti-
biotic therapy), thereby avoiding the severe 
inflammatory syndrome with high dose of nor-
epinephrine support. This strategy, converting an 
active endocarditis in a healed one, can reduce 
the complication rates and improve outcomes. 
However, in the medical treatment group, a large 
proportion had long-term moderate to severe tri-
cuspid regurgitation that may result in the devel-
opment of right ventricular failure [19, 20].

In these days, there are no randomized con-
trolled trials to address the benefit of early surgery 
or the indications for operative intervention in tri-
cuspid endocarditis. More randomized multicenter 
trials may be necessary to solve this problem [18].

44.5	 �Surgical Techniques: 
Tricuspid Repair

There are three major principals in the strategy of 
the surgical intervention for tricuspid valve 
endocarditis:

Table 44.1  Right versus left-sided infective endocarditis

Characteristics Left Right

Infective 
endocarditis

90% 5–10%

Predisposing 
factors

Acquired/congenital heart valve defects IDU intravenous lines and wires (e.g. 
pacemakers—ICDs)

Microbiology Streptococci and staphylococci S. aureus

Pathogenesis • �Valvular endothelial damage followed by 
platelet-fibrin thrombus formation and 
adherence of bacteria

• �Injecting matter endothelial damage with 
thrombus formation

     • Drug-induced pulmonary hypertension

     • �IDU-related endothelial/immunologic 
abnormalities and microorganism 
preference

Clinical 
presentation

Fever, murmurs, anaemia, systemic emboli and/
or left heart failure

Fever, cough, haemoptysis dyspnoea due to 
pulmonary emboli, anaemia; no systemic 
emboli

Diagnosis Systemic symptoms and signs—duke criteria, 
blood culture, echocardiography (TTE and TEE)

Pulmonary symptoms and signs—chest 
X-ray, blood culture, echocardiography (TTE 
and TEE)

Prognosis High rate of haemodynamic, embolic 
complications and mortality rate

Favourable outcomes, mortality <5%

IDU injecting drug user, TTE transthoracic echocardiography, TEE transesophageal echocardiography, ICD Implantable 
cardioverter defibrillator. From Akinosoglou et al. [12] with permission

H. Moldovan et al.



747

	1.	 radical excision and debridement of the 
infected tissue of the valve and surrounding 
structures.

	2.	 restoration of the valve function.
	3.	 freedom from recurrent endocarditis [1, 21].

Figure 44.2 represents a general view of the 
surgeon [1].

Technical solutions:

	1.	 Pericardial patch reconstruction (see Fig. 
44.3) [12].

If it is possible it is important to avoid the use 
of any prosthetic materials. Small defects of one 
or two leaflets can be repaired by either direct 
closure or use of a pericardial patch. This patch 
can be made from autologous pericardium, fresh 
or treated with glutaraldehyde. It can be also 
made from bovine conserved pericardium [22].

Valvectomy

Annuloplasty

Neochord

Stented
bioprosthesis

a

b c

d

e

Fig. 44.2  (a) Anatomy of tricuspid valve and right 
atrium— surgeon’s view. Findings include large perfora-
tion of the anterior leaflet, large vegetations on the septal 
leaflet, dilated tricuspid valve annulus and resultant severe 
tricuspid regurgitation. AL anterior leaflet, CS coronary 
sinus, IVC inferior vena cava, LA left atrium, PL posterior 
leaflet, RA right atrium, SL septal leaflet, SVC superior 

vena cava, TR tricuspid regurgitation. (b) Appearance of 
right atrium and ventricle following valvectomy. (c) 
Tricuspid valve repair following band annuloplasty and 
patch repair of the anterior leaflet. (d) Use of neochords to 
repair tricuspid valve. (e) Tricuspid valve replacement 
using a bioprosthetic valve. From Yong et  al. [1] with 
permission
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	2.	 Conversion of the tricuspid into bicuspid 
valve (see Fig. 44.4) [12].

This technique has the important advan-
tage of non-using any artificial material, 
reducing the risk of recurrent endocarditis.

Very well known as “Kay’s plasty”, it con-
sists in a near complete excision of the infected 
leaflet, followed by placement of sutures in 
the corresponding segment of the annulus to 
reduce the annulus and orifice area and cre-
ation of a bileaflet valve. Insertion of an annu-
loplasty ring can aid in stabilizing the repair 
and achieving valve competence [1, 23].

	3.	 Placement of artificial chord.
It is a useful technique for improvement of 

leaflet support after resection of the infected 
tissue with the adjacent chords [1, 21].

Annuloplasty with prosthetic rings is necessary 
to stabilize the repair and to restore normal 
annular shape, orifice area and valve function 
(see Fig. 44.5) [12, 22, 24].

44.6	 �Surgical Techniques: 
Tricuspid Replacement

Considering the major disadvantage of recurrent 
endocarditis, replacement of the tricuspid valve 
with bioprosthesis is the last option. Valve 
replacement can be performed with either a 
mechanical or bioprosthetic valve, and both have 

Infected region

autologous
pericardium

Repaired leaflet

Fig. 44.3  Repair using autologous pericardium. After 
radical debridement of the infected region of the AL of the 
valve, a piece of autologous pericardium is sutured in the 
‘gap’. Modified from Akinosoglou et  al. [12] with 
permission

Infected region

Sutures

Fig. 44.4  Bicuspidalization of the repaired valve. In the 
case of profound destruction of one leaflet, and after its 
aggressive debridement, the remaining tissue is insuffi-
cient to restore the competence of the valve. Thus, the cor-
responding annulus of PL is obliterated by a few sutures, 
reinforced by pieces of autologous pericardium or pledges. 
Competence of the valve is re-obtained by cooptation 
(during systole) of the remaining AL and SL. Modified 
from Akinosoglou et al. [12] with permission
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similar survival outcomes and rates of valve-
related complications [1, 21].

Mechanical valves are more durable com-
pared to biological valves, but the main disad-
vantage is the exposure of patients to the 
long-term risk of anticoagulation. Very often 
the patients have atrial fibrillation or another 
condition, requiring long term anticoagulation, 
despite the type of prosthesis used to replace 
the valve. The overall long-term risks of throm-
boembolic or bleeding complications associ-
ated with mechanical and bioprosthetic valves 
in the tricuspid position are similar. There is 
also the possibility to use a cryopreserved 
mitral homograft [25].

44.7	 �Outcomes of Surgery

In the subset of patients with right-sided infective 
endocarditis treated surgically, the early, mid-
term and long-term results are generally good 
[26]. Considering all patients undergoing surgery 
for infective endocarditis in the STS (Society of 
Thoracic Surgeons) Adult Cardiac Surgery 
Database, the overall surgical mortality is 8.2% 
within 30 days [1, 27]. There are several studies in 
the literature reporting results such as 0–10%, 
30 days’ mortality and survival rates of 30–58% 
at 20  years. Interestingly, they observed a high 
mortality rate 20% in the patients who were 
treated medically. As we see, the surgical risks of 
right sided infective endocarditis are similar those 
of the left-sided infective endocarditis [1, 26, 28].

The most important risk factors for adverse 
outcome are related to the type of microorganism 
involved: Staphylococcus aureus and fungi are 
associated with worse prognosis [29].

Also, the vegetation size correlates with early 
mortality: less than 20  mm—4%, more than 
20  mm—24%. Association of large vegetation 
over 20 mm and fungal infection induce the worst 
prognosis in tricuspid valve endocarditis.

The association of tricuspid infective endocar-
ditis with left-sided infective endocarditis has 
been found to be a risk factor for increased early 
and late mortality after surgery.

Adverse outcome, reduced survival rate of 
35% at 10-years and higher re-interventions rates 
has been observed in drug abusers and in those 
with human immunodeficiency virus infection 
[29] (Fig. 44.6).

44.8	 �Choice of Surgical 
Approaches

Considering the recommendations of the guide-
lines (STS, ESC and EACTS)—the first choice is 
the infected tissue debridement and valve repair. 
(Class Ia) and the second choice is tricuspid valve 
replacement with a valvular prosthesis (Class IIa). 
It looks to be no major differences in outcomes 
between mechanical and stented bioprosthesis 

Infected region

Prosthetic
annular ring

Fig. 44.5  Restoration of valve’s competence using pros-
thetic annular ring. After extensive (>75%) debridement 
of the AL, the observed significant regurgitation of the 
valve may be eliminated by implantation of a prosthetic 
(or even pericardial) annular ring. PL posterior leaflet; 
AL: anterior leaflet; SL: septal leaflet. Modified from 
Akinosoglou et al. [12] with permission
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[31, 32]. Despite these recommendations there is 
no clear evidence that promotes one surgical tech-
nique over another in tricuspid valve endocarditis. 
Comparisons are debatable due to the small fre-
quency of the disease precluding large sample 
sizes, heterogeneous nature of the patients groups 
(abusers/no abusers, different surgery groups hab-
its), pathological process, and so on.

During the last two decades, there have been 
an overall trend towards repair techniques in 
both tricuspid and mitral valve infective endo-
carditis [31].

It has been well documented that repair with 
ring annuloplasty in active tricuspid endocardi-
tis correlates with excellent midterm results—
practically none of the patients developed right 
heart failure. This fact can be explained by the 
observation that infection most often involves 
the free margin of the valve, rather than the 
annular region [29].

In mitral valve infective endocarditis repair 
techniques generates an important reduction in 
morbidity (need for reoperation, cerebrovascular 
events, and recurrent infective endocarditis) and 
30 days mortality [32].

In the tricuspid valve endocarditis, there is a 
same trend except the incidence of reoperation 
that was observed. Heart block is more frequent 
in tricuspide valve replacement group. However, 
any statistically significant data are not available 
[33]. Tricuspid repair avoids the use of prosthetic 
material that can be an important risk factor for 
recurrence, reduces thromboembolic risk and 
avoids the need for long-term anticoagulation 
therapy. There are studies who demonstrated no 
difference in operative mortality or long-term 
survival in tricuspid repair versus replacement. 
Because valve repair is not always feasible, they 
recommend tricuspid valve replacement for 
patients with a high chance of recurrent regurgi-
tation after repair [34, 35].

44.8.1	 �Management of Intravenous 
Drug Users and Patients 
with Cardiac Electronic 
Implantable Devices

There are two special situations that require par-
ticular management: intravenous drug abusers  
and patients with cardiac electronic implantable 
devices.

The management of tricuspid endocarditis in 
active intravenous drug abusers is difficult due 
to: non-compliant patients, late presentation in 
critical condition, left side valve involvement, 
mixed polymicrobial and fungal infection with 
resistant microorganisms such as: Candida spe-
cies, Bartonella spp. or Tropheryma whipplei. 
The intravenous drug abusers  dose not leave the 
habit and are always at risk of recurrence espe-
cially if a biological or mechanical prosthesis is 
implanted [12, 31]. The ESC guidelines recom-
mend a conservative approach to surgery in 
these patients due to the high risk of recurrent 
infection. If valve replacement is needed, the 
use of tissue valves reduces the risk of thrombo-
embolism and avoids the need for anticoagulant 
therapy at this subset of patients with very poor 
compliance to medical care. The younger age of 
these patients means that re-operation for valve 
degeneration will be necessary after a number 
of years.

Fig. 44.6  The damaged bioprosthetic tricuspid valve 
with vegetations. From Chen et  al. [30]. It is an open 
access article
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The last option to valve repair or replacement 
in those patients with potential risk of re-infection 
is complete valvectomy. This technique avoids 
the implantation of prosthetic material and this 
may be an important advantage. The main limita-
tion is the consequences of severe tricuspid 
regurgitation. There are studies who reported a 
22-year survival of 64% among 53 drug abusers 
after complete valvectomy, up to 20% of patients 
who required reoperation to allow implantation 
of a prosthetic valve due to the development of 
right heart failure. Tricuspid valvectomy remains 
an extremely rare operation with only 66 cases 
out of 910 (7.3%) in the report by Gaca et  al. 
[26]. The ESC guidelines recommend valvec-
tomy in extreme cases followed by valve replace-
ment once the infection has been cured.

In the subset of patients with cardiac implant-
able devices, the tricuspid valve endocarditis is 
related with the infection of the device and/or the 
conduction leads. The first step is the removal of 
the infected device and its leads. This goal can be 
achieved by the means of interventional cardiol-
ogy (80%) or by surgery with extracorporeal cir-
culation (20%). Margey et  al. [36] reported 
complete device extraction in 82% of patients 
with no disease recurrence and a mortality rate of 
7.4%. In patients who were managed with partial 
device removal or conservative therapy, disease 
recurrence occurred in 67% of patients with a 
mortality of 8.4%. The ESC guidelines recom-
mend consideration of surgical device extraction 
when there is severe destructive tricuspid valve 
endocarditis (Class IIa recommendation) and in 
patients with vegetations >25 mm (Class IIb rec-
ommendation), while the American Heart 
Association guidelines recommend individual-
ized decisions in patients with vegetations 
>20 mm [1, 12, 37, 38].

�Conclusions

Right heart endocarditis is a sever condition 
with an increasing incidence. The involve-
ment of the tricuspid valve generates possible 
complications: sepsis, intra-cardiac abscesses 
and fistulae, pulmonary thromboembolism, 
pulmonary abscess valve regurgitation and 
right ventricular dysfunction [31].

The incidence of the disease is increasing.
Most of the patients can be treated medi-

cally, the optimal indication and timing of sur-
gery are debatable [39].

Repair techniques are preferable though 
there is no clear evidence supporting one 
method over another. The tricuspid infective 
endocarditis to the intravenous drug abusers is 
particularly difficult to treat considering the 
poor compliance of those patients.

There is a lack of consensus regarding the 
optimal treatment strategies for these 
patients. Many strategies are in use accord-
ing to the case and the experience of the 
team. The lack of clear evidence-based 
guidelines highlights the recommendation 
that this condition should be treated by an 
“Endocarditis Team” [26, 33, 40].
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Heart, Lung, and Heart–Lung 
Transplant

Kaan Kırali

Abstract
Organ transplantation has evolved to 
become as gold standard therapy for patients 
with end-stage heart and/or pulmonary dis-
eases. When medical or temporary circula-
tory supportive treatment modalities cannot 
ensure a patient’s survival and improve 
quality of life, the only approach may be 
isolated heart or lung transplantation, or 
combined transplantation. The main indica-
tion for heart transplantation is reversible 
pulmonary dysfunction with irreversible 
right heart failure; similarly, isolated irre-
versible pulmonary dysfunction resulting 
temporary right heart dysfunction requires 
isolated lung transplantation. However, irre-
versible right heart failure combined with 
irreversible pulmonary dysfunction requires 
heart–lung transplantation. The last two 
decades have seen the resolution of many 
technical problems and the refinement of 
surgical techniques for heart and lung 
transplantation, but problems remain for 
heart–lung transplantation because of com-
plications such as major bleeding, nerve 
injuries, and graft failure. Patients with 
dominant right ventricular failure referred 
to heart transplantation usually suffer from 

the left-sided heart failure, primary pulmo-
nary hypertension, and congenital heart dis-
eases; however, the frequency of isolated 
right heart failure with structural abnormali-
ties has also been increasing recently. 
Despite regular revisions of the transplanta-
tion guidelines that have resulted in annual 
increases in recipient pool, the number of 
donors has not increased sufficiently. 
Advances in the fields of immunosuppres-
sion, infection prophylaxis, and surgical 
techniques have improved surgical out-
comes and long-term survival rates. Future 
improvements in organ donation could 
increase the donor numbers and improve 
donor–recipient immunologic matching and 
the allocation of organs. Biomechanical and 
biotechnological advancement in long-term 
ventricular assist devices may prolong sur-
vival and improve the quality of life; how-
ever, although mechanical circulatory 
support technology is improving, transplan-
tation remains the sole effective treatment 
for irreversible right heart pathologies.
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45.1	 �History

The history of intrathoracic organ transplantation 
has involved overcoming a range of technical and 
immunologic hurdles. Allograft heart and lung 
transplantations were achieved only after the suc-
cess of other organ transplantations. This was 
because of several specific problems that had to 
be resolved for intrathoracic organs: (1) the dif-
ficulty of realizing intrathoracic organ replace-
ment; (2) ineligible surgical techniques and 
skills; (3) frequent rejection episodes; (4) patient 
survival of no more than weeks; (5) the lack of 
long-term alternative treatment modalities; and 
(6) the lack of life support therapies for the man-
agement of allograft rejection (like the use of 
hemodialysis for renal failure).

The first step toward intrathoracic organ trans-
plantation was to demonstrate its feasibility. 
Working with dogs, Vladimir Demikhov 
implanted the first intrathoracic heterotopic heart 
and performed the first orthotopic heart-lung 
transplantation (HLTx) in 1946; he also demon-
strated the feasibility of isolated orthotopic lung 
transplantation (LTx) in 1947, and performed the 
first orthotopic heart transplantation (HTx) in 
1951 [1]. He concluded that the heart could only 
function actively when it was transplanted into 
the thorax; otherwise, it would not take an active 
part in the movement of blood and, if it was trans-
planted to the vessels of the neck or into the 
inguinal region, it would be living on the recipi-
ent’s blood [2]. The first human-to-human LTx 
was performed by Hardy et al. [3] in 1963, but 
the patient died 18 days later. The first human-to-
human orthotopic HTx was performed by 
Christian Barnard [4] in 1967, but the patient sur-
vived only for a few hours. The following year, 
Bernard performed the first long-term survived 
orthotopic HTx in which the patient survived for 
18 months. The first human-to-human HLTx was 
performed by Cooley in 1968, but the patient, a 
child, survived for only 14 h [5]. The clinical use 
of intrathoracic organ transplantation then largely 
disappeared from clinical practice because of the 
high early mortality rate and unsuccessful mid- 
or long-term surveillance. Because recipients of 
orthotopic HTx did not survive postoperatively 

due to acute or hyperacute rejection, the preferred 
approach in the 1970s was heterotopic HTx to 
hemodynamically support the failed heart [6].

The second step in developing modern intra-
thoracic organ transplantation was to introduce 
transvenous endomyocardial biopsy; this opened 
up new possibilities for HTx because it allowed 
serial monitoring for cardiac allograft rejection 
[7]. The third step was the introduction in 1981of 
a new generation immunosuppressive agent, 
cyclosporine A, which encouraged the transition 
of intrathoracic organ transplantation from the 
experimental phase to the clinical treatment of 
patients with advanced cardiopulmonary failure 
[8]. The first successful HLTx was performed by 
Reitz et al. [9] in 1981, and the first successful 
isolated unilateral LTx by the Toronto Lung 
Transplant Group in 1983, who went on to per-
form the first successful bilateral LTx in 1986 
[10]. An advantage of both unilateral and bilat-
eral LTx is that they avoid the necessity for com-
bined cardiac transplantation and allow the donor 
heart to be used for another recipient. The 
Domino Procedure is a sequential HLTx–HTx 
procedure that uses the explanted heart from an 
en-bloc heart–lung recipient as a donor organ for 
a second heart recipient; this was first performed 
by Yacoub et  al. [11] in 1988. Even now, the 
Domino Procedure is extremely rare, primarily 
because en-bloc heart–lung transplantation is 
rare; but its selective use can improve and maxi-
mize organ allocation [12]. Heterotopic HTx is a 
surgical procedure in which allows the graft is 
connected in parallel to the native heart, provid-
ing a form of biological biventricular support. Its 
main use is in rare, selected cases, such as for 
patients with fixed pulmonary hypertension 
(PHT) to avoid heart–lung transplantation or for 
patients where there is a substantial mismatch in 
donor-recipient body-size [13].

45.2	 �Transplant Activity 
and Survival

The total number of HTx, LTx, and HLTx proce-
dures has increased rapidly worldwide. The 2016 
reports of the Registry of the International 
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Society for Heart and Lung Transplantation pro-
vide the latest data about intrathoracic transplant 
events, recipient and donor demographics, and 
survivals rates, representing an estimated two 
thirds of the thoracic transplant events world-
wide. These reports provide a major impression 
of general thoracic transplantation activity per-
formed up until July 2015. Over the decades, the 
number of HTx and LTx procedures increased 
while the number of HLTx declined. The data 
show that survival for all three transplantation 
procedures has improved over time because of 
improved survival in the early post-transplant 
period (Table  45.1). There were several serious 
morbidities that commonly developed after intra-
thoracic transplantations, but the main risks to 
long-term survival were coronary vasculopathy 
in the HTx group, obliterative bronchiolitis in the 
LTx and HLTx groups, and infections in all three 
groups.

Adult-HTx was performed for 113,472 
patients at 457 heart transplant centers world-
wide between 1982 and July 2015 [14]. The aver-
age annual activity was 10–20 HTx procedures in 
163 (35.7%) centers and 20–29  in 115 (25.2%) 
centers, with 11 (<2.5%) centers performing <5 
HTx annually. The median survival was 
10.6 years for primary HTx and 6.2 years for re-
transplantation; however, for recipients who sur-
vived the first year, the conditional median 

survival increased to 13.1 years for primary HTx 
and 11.2 years for re-transplantation. Risk factors 
for reduced survival were advanced age, elevated 
pulmonary vascular resistance (PVR) and PHT, 
and diabetes mellitus. In recent years, pre-
transplant mechanical circulatory support has not 
adversely affected post-transplant survival, espe-
cially the use of left ventricular assist device 
(LVAD). A notable exception, however, has been 
extracorporeal membrane oxygenation (ECMO), 
which has resulted in distinctly worse post-
transplant survival, with survival rates of 65% at 
3 months and 50% at 3 years. LVAD was used as 
a bridge to HTx in >50% of adult and >30% of 
pediatric recipients, whereas bridging with 
ECMO has remained at <2.5% and <3% for adult 
and pediatric recipients, respectively. The cause 
of death varied with time after transplantation: 
graft failure, non-cytomegalovirus infection, and 
multiple organ failure were the most important 
causes in the first year postoperatively; malig-
nancy, cardiac allograft vasculopathy, and renal 
failure were the main determinants of later 
deaths.

Pediatric-HTx was performed for 5,316 
patients at 112 pediatric heart transplant centers 
in the same period [15]. More than 80% of cen-
ters performed <5 pediatric HTx procedures per 
year, on average, but the number of centers per-
forming >5 has increased in the last decade, with 

Table 45.1  Median long-term survival rates of intrathoracic organ transplantation

Transplant-type
Survival
3-month 1-year 3-year 5-year 10-year 15-year 20-year 25-year

Heart transplantation
  Adult HTx 88% 83% 75% 70% 52% 34% 20%
 � Re-adult HTx 77% 69% 60% 54% 37% 25% 14%
  Pediatric HTx 89% 85% 78% 73% 61% 51% 43% 38%
Lung transplantation
  Adult LTx 89% 80% 65% 54% 32%
 � Re-adult LTx 79% 66% 49% 39% 21%
  Pediatric LTx 92% 79% 62% 51% 37% 28%
 � Single 68% 57% 40% 31%
 � Bilateral 92% 82% 63% 53%
Heart-lung transplantation
  Adult HLTx 71% 63% 52% 45% 32%
  Pediatric HLTx <70% <50% <40% <30%

HLTx heart-lung transplantation, HTx heart transplantation, LTx lung transplantation
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these centers now accounting for more than 75% 
of all pediatric-HTx procedures. The median 
survival after the procedure and the conditional 
median survival after the first year both depended 
on recipient age: 20.7 years for recipients aged 
<1  year, 18.2 and 21.5  years for those aged 
1–5  years, 14 and 16.5  years for those aged 
6–10  years, and 12.7 and 15.7  years for those 
aged 11–17 years.

Adult-LTx was performed for 55,795 patients 
at 253 lung transplant centers worldwide between 
1985 and July 2015. Of these, 53,522 (95.9%) 
were primary procedures, 2187 (3.9%) secondary, 
and 86 (0.2%) tertiary [16]. Only 76 (30%) of the 
centers performed ≥30 procedures per year on 
average. The trend seen over the past three decades 
has been a considerable increase in the number of 
transplants, especially bilateral procedures. The 
median survival was 5.8 years following primary 
LTx and 2.8 years for re-transplantation; for recip-
ients surviving after the first year, the conditional 
median survival increased to 8 years for primary 
and 6.5 years for re-transplants. The main causes 
of mortality in the first 30 days were graft failure 
and non-cytomegalovirus infections, multiple 
organ failure, and cardiovascular causes. After the 
first year, obliterative bronchiolitis, infections, and 
malignancy resulted in the most deaths. The rate of 
developing chronic rejection (bronchiolitis obliter-
ans syndrome) was lower for primary LTx than for 
re-transplantation: 41% versus 63% at 5 years, and 
76% versus 81% at 10 years. In 2014, the number 
of adult lung transplants reported was about 37 
times greater than the number of pediatric lung 
transplants.

Pediatric-LTx, with approximately 10% 
receiving re-transplantation, was performed for 
2,225 patients between 1986 and 2015; >70% 
of the patients were aged 11–17 years and 5% 
were aged <1 year [17]. Pediatric-LTx activity 
has increased over the last three decades. 
Nevertheless, >85% of the centers performed 
<5 pediatric LTx each year, on average, and 
together these accounted for nearly 60% of the 
total pediatric transplant activity. The median 
survival was 5.4  years, and freedom from 
chronic rejection was 88% at 1  year, 45% at 
5 years, and 25% at 10 years.

Adult-HLTx was performed for 3,879 patients 
at 177 heart-lung transplant centers worldwide 
between 1982 and July 2015; only 57 (1.5%) of 
these were re-transplants [15]. The annual vol-
ume was very low, ranging between 50 and 100 
procedures per year, with >50% of the centers 
performing only 1 or 2 HLTx procedures. The 
median survival was 5.8 years for primary HLTx, 
but conditional median survival exceeded 10 
years for the recipients who survived the first 
year. The main causes of mortality during the first 
30  days postoperatively were graft failure and 
technical complications. Lung-related causes 
were more dominant in early and late mortality. 
Long-term follow-up revealed chronic rejections 
because of the lungs (obliterative bronchiolitis) 
in 42 and 62% of patients at 5 and 10  years, 
respectively, and because of the heart (coronary 
artery vasculopathy) in 9 and 27% at 5 years and 
10 years, respectively.

Pediatric HLTx was performed for 710 pediat-
ric patients between 1985 and July 2015, of 
whom >60% were aged 11–17  years and <3% 
were aged <1  year [16]. Almost all pediatric 
HLTx centers performed <5 cases per year. The 
median survival was 1.5 years for recipients aged 
≤5 years, and 3.4 years for those aged >5 years.

45.3	 �Recipient Evaluation

45.3.1	 �Clinical Diagnosis

Recently, there has been increased interest in iso-
lated right heart failure (RHF) because of the 
associated deterioration in the patient’s quality of 
life, the increased frequency of hospitalization, 
and the impairment of functional capacity. 
Isolated RHF is more resistant to cardiac decom-
pensation or functional deterioration than is iso-
lated left heart failure (LHF), because the 
normally functioning left ventricle can support 
and take over right ventricular functions over an 
extended period. For this reason, transplant ther-
apy is always postponed for patients with isolated 
RHF.  Right ventricular pathologies usually 
remain silent for several years, but they can 
appear with symptomatic low cardiac output 
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syndrome (LCOS) caused by a decrease in right 
heart ejection without PHT. Because these 
patients do not show LHF symptoms and signs 
(such dyspnea on exertion and/or at night, 
restricted capacity for effort, or pulmonary 
edema), most clinicians become aware of the 
severity of RHF. However, the thin-walled right 
ventricle (RV) pumps the entire systemic venous 
return through the pulmonary circulation for gas 
exchange; this implies the right side cardiac out-
put should be equal to that of the left. Indeed, 
there have been several mistaken prejudices 
related to isolated symptomatic RHF: (1) that the 
left heart is often the focus of interest in cardiol-
ogy; (2) that imaging of the left side is easier than 
that of the right; (3) that it is primarily the left 
heart that is influenced by leading causes of mor-
tality and morbidity such as infarction, valvular 
pathologies, and myocardial failure; (4) that 
healthy left heart is adequate to salvage a signifi-
cant part of right heart functions; and (5) that the 
right heart is a passive chamber.

Right heart failure represents a pathologic dis-
turbance of any component of the right heart cir-
culatory system. This consists of the venous 
system up to the level of the pulmonary capillar-
ies and so has both systemic components (such as 
the systemic veins up to the level of the pulmonic 
valve) and pulmonary components (the precapil-
lary pulmonary circulation). Myocardial involve-
ment of the RV presents with myocardial stiffness 
or ventricular dilatation, and right ventricular 
failure (RVF) can develop primary to structural 
pathologies or secondary to PHT depending on 
the primary or secondary etiologies (pre-alveolar 
or post-alveolar diseases, respectively) [18]. 
Increased stiffness (i.e., non-dilated RVF) impairs 
diastolic filling, but the systolic function is often 
preserved or mildly depressed, and right atrial 
enlargement may be the only sign of RHF.  In 
early PHT, the thin-walled crescent-shaped RV 
adapts to the increased pressure overload through 
hypertrophy, thereby maintaining cardiac output. 
At later stages, however, the increased afterload 
overwhelms the RV and cause dilatation. 
Ventricular dilatation (i.e., dilated RVF) usually 
impairs systolic and diastolic functions and pres-
ents with mild to severe RHF symptoms. The left 

ventricle may or may not be affected and the right 
heart pathology can be accompanied by a normal 
left ventricular ejection fraction (LVEF).

Symptomatic RHF can cause serious systemic 
venous congestion, which impairs the function of 
other organs and can result in the severe dysfunc-
tion of vital organs such as the liver and kidneys. 
Renal dysfunction is characterized by elevated 
serum creatinine level and decreased creatinine 
clearance, according to whether the renal involve-
ment is intrinsic or extrinsic. The main reason for 
functional renal insufficiency in patients with 
severe RHF is the progression of LCOS, but 
increasing central venous pressure (CVP) with or 
without severe ascites can also be a primary 
determinant factor; this reduces effective renal 
circulation or renal function by compressing the 
renal veins [19]. Important markers of progres-
sive RHF include high or increasing diuretic 
requirements, the elevation of renal insufficiency 
parameters (i.e., creatinine serum level >2.0 mg/
dL or rising >0.3 mg/dL, and effective glomeru-
lar filtration rate <60  mL/min or decreasing 
>25 mL/min), persistent hyponatremia, and fluid 
retention. The main etiology for hepatic failure is 
elevated right atrial pressure not secondary to 
LHF, which increases pulmonary pressure at the 
same time [20]. The hepatocellular necrosis and 
dysfunction that accompany the deterioration of 
RHF are caused by sinusoidal congestion and the 
inadequate hepatic circulation. Long-standing 
venous stasis results in cardiac hepatopathy, par-
ticularly advanced hepatic fibrosis and cirrhosis. 
Cardiac hepatopathy is defined by elevation of 
the serum markers aspartate aminotransferase 
(>100  U/L), alkaline phosphatase (>200  U/L), 
and serum total bilirubin (>2.0 mg/dL). If patients 
with RHF develop a decreasing hepatic reserve 
and persistent hepatic dysfunction, despite relief 
from congestion, they should be considered for 
liver biopsy. Usually, decreasing CVP can resolve 
this pathologic vicious circle; otherwise, repeti-
tive paracentesis can help to address the increas-
ing intraperitoneal pressure and to improve renal 
and hepatic functions.

Evaluating the volume, structure, function, 
mechanics, and deformation of the RV in patients 
with RVF presents a considerable challenge due 
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to the anatomical complexity [21]. In everyday 
clinical practice, the preferred method for RV 
evaluation has been 2-dimensional echocardiog-
raphy, although 3-dimensional echocardiography 
has started a completely new era in right ventric-
ular imaging. Nevertheless, cardiac magnetic 
resonance remains the gold standard for assess-
ing the RV.  Diagnosis of RHF can be done by 
several methods, but transthoracic echocardiog-
raphy with or without transesophageal echocar-
diography should be the first approach because it 
allows the measurement of several parameters 
related to ventricular, atrial, and major vascular 
structures. Cardiac magnetic resonance is the 
best method for measuring the volume, mass, and 
ejection fraction of the two ventricles; it is also 
the best modality when echocardiographic stud-
ies have not resulted in a diagnosis (particularly 
for imaging the right heart), or for patients with 
complex congenital heart diseases. 
Cardiopulmonary exercise testing provides more 
detailed information about cardiac and pulmo-
nary conditions, and it is a good diagnostic test 
for differentiating between isolated and com-
bined failure. Other cardiac diagnostic tests 
include coronary angiography or cardiac com-
puted tomography to visualize the coronary anat-
omy, positron or single-photon emission 
computed tomography or gadolinium cardiac 
magnetic resonance, to assess myocardial viabil-
ity, endomyocardial biopsies and genetic tests to 
confirm specific pathologies, right heart catheter-
ization to establish hemodynamics, and the anal-
ysis of biochemical samples such as natriuretic 
peptides to establish the severity of RHF.

45.3.2	 �Indications

The evaluation of patients with advanced heart 
failure and the selection of potential candidates for 
intrathoracic organ transplantation should be 
undertaken by a multidisciplinary team, and no 
patient should be exposed to the risk of transplant 
surgery until all other viable treatment options 
have been exhausted (Table 45.2) [22]. The trans-
plant committee at each transplantation center 
should develop its own scientific strategy for 
recipient selection based on local experience, fol-

lowing the principles set out in international guide-
lines. Patients with symptomatic RHF referred for 
possible heart and/or lung should be assessed to 

Table 45.2  Indications of intrathoracic transplantation 
for RHF

  • Isolated HTx
 � – Morphological (primary) RHF
        Hypertrophic cardiomyopathy
        Restrictive cardiomyopathy (sarcoidosis, 
endomyocardial fibrosis, familial hemochromatosis, or 
thalassemia major)
        Infiltrative cardiomyopathies (amyloidosis or 
glycogen storage diseases)
        Arrhythmogenic right ventricle dysplasia
 � –Functional (secondary) RHF
        Left heart failure (ischemic and/or dilated 
cardiomyopathies)
        Pulmonary failure (pulmonary vascular or 
intrinsic pathologies)
 � – After LVAD implantation
 � – Structural (congenital) RHF
        Postoperative persistence of systemic 
ventricular failure (D-TGA with atrial switch; TOF 
with postoperative severe PR)
        Failure of previously palliative or reparative 
surgery (Fontan circulation)
        Single ventricle physiology
        Uncorrectable congenital heart diseases (e.g., 
c-TGA, uncorrectable AVSD, coronary anomalies, 
neonatal Ebstein’s anomaly, and severe multi-valvular 
pathologies)
        Ongoing pulmonary hypertension 
(Eisenmenger syndrome)
        Refractory life-threatening arrhythmias
  • Isolated LTx
 � – Chronic obstructive pulmonary disease with or 

without α1-antitrypsin deficiency
 � – Interstitial lung diseases (idiopathic pulmonary 

fibrosis or scleroderma)
 � – Bronchiectasis with or without cystic fibrosis
 � – Idiopathic PAH
 � – Re-transplantation
  • HLTx
 � – Congenital heart disease
 � – Idiopathic pulmonary arterial hypertension
 � – Cardiomyopathies with irreversible high PVR
 � – Cystic fibrosis

AVSD atrioventricular septal defect, HLTx heart-lung 
transplantation, HTx heart transplantation, LTx lung trans-
plantation, LVAD left ventricular assist device, PAH pul-
monary arterial hypertension, PR pulmonary regurgitation, 
PVR pulmonary vascular resistance, RHF right heart fail-
ure, TGA transposition of great arteries, TOF tetralogy of 
Fallot
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ensure they meet the criteria listed in Table 45.3. 
For intrathoracic organ transplantation to be com-
pletely successful, the recipient must be entirely 
healthy except for end-stage heart and/or lung dis-
ease, because transplantation is not curative in 
itself and is associated with its own chronic mor-
bidity and survival limitations. The non-thoracic 
organ dysfunctions accompanied to intrathoracic 
transplantation reduce its operative course, as well 
as patient and graft survival; for this reason, it 
should not be a key strategy to reserve intratho-
racic transplantation only for the patients close to 
death due to end-stage cardiopulmonary failure. 
The best candidate transplant recipients are those 
who are in the best condition preoperatively. 
Patients on the waiting list with cardiogenic shock, 
respiratory insufficiency, a septic condition, or a 
deterioration of biochemical values should not be 
listed for transplantation until they have received 
sufficient medical treatment, with or without cir-
culatory support. To improve post-transplant out-
comes, it is essential to evaluate and manage the 
comorbidities of list patients with cardiac failure 
(Table  45.4). Advanced age, extreme obesity, 
uncontrolled diabetes mellitus with or without 
end-organ damage, and active malignancies are 
the primary comorbidities that endanger intratho-
racic organ transplantations. Preoperative diagnos-
tic parameters show the severity of the RHF, 
varying from compensated hypertrophy (RVD) to 
ventricular dilatation (RVF) (Table 45.5).

The general criteria for appropriate HTx 
recipients are regularly reconsidered and refined, 
and then established by consensus [23]. The 

severity of cardiac dysfunction is indicated by 
specific signs of RHF, such as hepatomegaly, 
ascites, renal dysfunction, and edema; HTx 
should be the treatment option only for patients 
with aggressive resistance to medical treatment 
or repeated hospitalization for heart failure 
(Table 45.6). The transplanted heart cannot toler-
ate an elevated systolic pulmonic afterload of 
more than 50  mmHg, and fatal RHF develops 
above a pressure of 55–60 mmHg. Therefore, the 
presence of PHT, defined as systolic pulmonary 
artery pressure (PAP) >60 mmHg, in association 
with reactive elevated primary or secondary PVR 
is a relative contraindication to isolated HTx. 
However, irreversible elevated PVR (>8 Woods) 
is a main indication for LTx in primary lung 
pathologies or for HLTx in secondary patholo-
gies (such as left heart cardiomyopathies). 
Several uncommon structural pathologies result 

Table 45.3  Potential transplant candidates for RHF

Irreversible cardiac and/or lung pathology
Intractable RHF symptoms with or without LHF 
syndrome
No more than borderline non-thoracic organ 
dysfunction secondary to the RHF
Non-recovery of functional capacity of the RV after 
appropriate medical therapy or LVAD implantation
Presence of prevalent transplant indications
Appropriate morphologic structures
No irreparable thoracic malformations
No contraindication to intrathoracic organ 
transplantation

LHF left heart failure, LVAD left ventricular assist device, 
RHF right heart failure, RV right ventricle

Table 45.4  Contraindications to intrathoracic organ 
transplantation

• Blood group incompatibility in prospective 
cross-matching between donor and recipient
• Older age (>65 years)
• Anatomic inconveniences
• Morbid obesity (BMI > 35 kg/m2 or body 
weight > 140% of the predicted ideal value)
• Uncontrolled diabetes mellitus (HbA1c > 7.5%) with 
or without end-organ damage
• Active or incurable malignancy (within the previous 
5 years)
• Hepatic insufficiency (bilirubin >2.5 mg/dL; 
transaminases > twice normal; cirrhosis on biopsy)
• Renal insufficiency (creatinine >2.5 mg/dL; eGFR 
<30 mL/min; ERPF <200 mL/min)
• Septicemia
• Severe peripheral and/or cerebrovascular disease
• Evidence of active mycobacterium tuberculosis or 
human immunodeficiency virus infection
• Active GIS bleeding
• Non-cardiac organ failure under ECLS or LVAD 
therapy
• Significant psychosocial problems
• Special risk factors for isolated HTx (e.g., COPD, 
PE, PI, or irreversible PVR > 5 wood units)

BMI body mass index, COPD chronic obstructive pulmo-
nary disease, ECLS extracorporeal life support, eGFR 
effective glomerular filtration rate, ERPF effective renal 
plasma flow, GIS gastrointestinal system, HTx heart trans-
plantation, LVAD left ventricular assist device, PE pulmo-
nary embolism, PI pulmonary infarction, PVR pulmonary 
vascular resistance
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in RHF with significant decompensation signs in 
the absence of PHT, and so can be treated with 
isolated HTx; these include congenital heart dis-
eases that cannot be corrected or that fail after 
surgical repair, an arrhythmogenic RV, or isolated 
right side dilated cardiomyopathies. Isolated 
RHF is not a common pathology; it usually 
develops secondary to LHF or pulmonary dys-
function caused by pulmonary vascular or intrin-
sic pathologies. A RV whose function has been 
adversely affected can usually be left untouched 
(the non-transplanted period) and supported 
medically and/or through intervention (the sup-
portive period); the condition may then resolve 
with time (the healing period) or after surgical 
treatment for specific etiologic-based pathologies 
(the surgical treatment period). If there is no 
decrease in cardiac index, the reversibility of ele-
vated PVR is determined by a decrease in mean 
PAP of at least 20% and the restoration of pulmo-
nary capillary wedge pressure (PCWP) below 

25  mmHg and systolic PAP below 60  mmHg, 
with an improvement in PVR to below 2.5 Wood 
units. If medical therapy fails to achieve these 
acceptable hemodynamic values or effective left 
ventricular unloading with mechanical support 
including an intra-aortic balloon pump (IABP) 
and/or LVAD in patients with LHF, it is reason-
able to conclude that the PHT is irreversible. 
Following LVAD implantation, the patient’s 
hemodynamics should be reevaluated after 
3–6  months to investigate the reversibility of 
PHT.  If RHF symptoms continue or become 
aggravated, this indicates the irreversibility of 
PHT or structural damage of the RV; this is a seri-
ous situation and a priority indication for HLTx. 
Isolated lung pathologies resulting functional 
RHF can be treated with uni- or bilateral LTx; 
those associated with irreversible morphologic 
damage to the RV caused by the elevated afterload 
or irreparable right ventricular pathologies should 
be treated with HLTx.

Table 45.5  Right heart hemodynamic parameters for isolated RVD and RVF

Normal RVD RVF
CVP 2–6 mmHg ≥16 mmHg >18 mmHg
PCWP 6–12 mmHg ≤18 mmHg ≤18 mmHg
CVP/PCWP <1/2 >2/3 >1
IVC diameter <15 mm >21 mm >21 mm
IVC inspiration collapse ≥50% <50% Non
TAPSE ≥16 mm (16–30) 10–15 mm <10 mm
RV basal diameter ≤40 mm (24–40) 41–45 mm >45 mm
RAD <40 mm 40–50 mm >50 mm
TR Non ≤moderate >moderate
TA diameter <40 mm 40–43 mm >43 mm
TA peak systolic velocity ≥10 cm/s 5–10 cm/s <5 cm/s
RVEDD/LVEED <0.6 >0.75 >1
RVEF ≥45% (45–69) 30–44% <30%
RVFAC ≥35% (35–63) <35% <35%
RVLS of the free wall <−24% −20 to −24% >−20%
RVLS of the lateral wall <−20% −9 to −20% >−9%
RVSWI >0.4 mmHg/L/m2 0.25–0.40 mmHg/L/m2 <0.25 mmHg/L/m2

RVIMP with tissue Doppler >0.54%

CVP central venous pressure, IVC inferior vena cava, LVEED left ventricular enddiastolic diameter, PCWP pulmonary 
capillary wedge pressure, RAD right atrial diameter, RV right ventricle, RVD right ventricular dysfunction, RVEED right 
ventricular enddiastolic diameter, RVEF right ventricular ejection fraction, RVF right ventricular failure, RVFAC right 
ventricular fractional area change, RVIMP right ventricular index of myocardial performance, RVLS right ventricular 
longitudinal strain, RVSWI right ventricular stroke work index, TA tricuspid annular, TAPSE tricuspid annular plane 
systolic excursion, TR tricuspid regurgitation
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Table 45.6  Acceptable isolated HTx criteria after adequate treatment for transplant candidates with isolated RHF.

A) Heart failure prognosis scores (estimated 1-year survival)
  – �Seattle heart failure model (SHFM) <80%
  – �Heart failure survival score (HFSS) ≥medium/high
B) Cardiopulmonary stress (exercise) testing
  – 6-min walking test <300 m
  – RER >1.05
  – Peak VO2

 �    BMI >30 kg/m2 ≤19 mL/kg/min
 �    ß-blocker (−) ≤14 mL/kg/min
 �    ß-blocker (+) ≤12 mL/kg/min
 �   LVAD (+) ≤10 mL/kg/min
 �   Isolated RHF (LVEF ≥50%) ≤10 mL/kg/min

 �   Age ≤50 years ≤50% predicted
C) Right heart catheterization (with preserved LVEF)
  – CVP >15 mmHg
  – PCWP ≤15 mmHg
  – CVP/PCWP >1
  – mPAP <25 mmHg
  – TPG <15 mmHg
  – DPG <10 mmHg
  – PVR  <2.5 Woods
 �   Without medication <3 Woods
 �   Reversible with sildenafil, IABP, or LVAD therapy 3–6 Woods
 �   Irreversible (inoperable or candidate for HLTx) >6 Woods
  – RVSWI <5 g/m2/beat
D) Echocardiographic parameters
  – RVEDD (parasternal/basal) >35/45 mm
  – RVEF <30%
  – TAPSE <10 mm
  – IVC >2.1 cm
  – Plethora +
  – Lateral RV peak longitudinal strain >−9%
E) Improved systemic biomarkers
  – Creatinine ≤2 mg/dL
  – Bilirubin ≤2 mg/dL
  – Albumin ≥3 mg/dL
  – AST ≤80 IU/L
  – INR <2
  – Na+ >135 mEq/dL
  – Anemia (hemoglobin or hematocrit) ≥10 mg/dL or ≥30%
F) Healed clinical condition and signs
  – t-MCS Non
  – Anasarca edema Non
  – Cachexia Non
  – Cardiac-related hepatic fibrosis or cirrhosis Non

(continued)
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Providing end-stage heart failure patients, 
who are ineligible for HTx, with circulatory sup-
port using LVAD is an effective therapy that 
enables them to become eligible for transplanta-
tion after physiologic improvement [24]. This 
approach is the first stage or gold standard treat-
ment for patients with elevated PVR or severe 
comorbidities. These devices improve end-organ 
perfusion and functions, stabilize hemodynam-
ics, reduce PVR, and improve survival before and 
after HTx. The LVAD improves the left side car-
diac output and the unloading of the left ventri-
cle, which reduces the right ventricular afterload 
and augments the interventricular septum at the 
midline, increasing the right ventricular preload 
via the venous return. However, septal displace-
ment and the increased right ventricular preload 
may lead to post-LVAD RVF, especially in 
patients with pre-existing right ventricular dys-
function (see Chap. 47) [25]. Most patients 
referred for LVAD have some degree of right 
ventricular dysfunction preoperatively 
(Table 45.7); it can also be a serious complication 
after LVAD implantation. The incidence of 
early-onset post-LVAD RVF is 15–25% and the 
condition has several potential consequences: (1) 
it can require the prolonged use (>14  days) of 
inotropes and intravenous vasodilators with or 
without mechanical support; (2) it can lead to 
coagulopathy, altered drug metabolism, deterio-
rating nutritional status, and diuretic resistance; 
and (3) it can result in poor quality of life, 
increased length of hospitalization, and poorer 
survival even after HTx [26]. Late post-LVAD 
RVF, defined as developing >30 days after dis-
charge from hospital, has an incidence >10% and 

is associated with substantially reduced survival 
after HTx. Transplant candidates with signs of 
late-onset post-LVAD RVF should be hospital-
ized well before transplantation for aggressive 
intravenous management to stabilize their hemo-
dynamics. Interestingly, there is no correlation 
between early and late post-LVAD RVF, and 
more than 60% of patients develop it after the 
first year [27]. Post-LVAD RVF refractory to 
medical and circulatory supportive therapies is a 
major indication for HTx or HLTx.

Patients with congenital heart diseases, which 
could not be surgically treated and either were 
palliated or remained untreated, commonly end 
up with isolated RHF because of persistent intra-
cardiac abnormalities, persistent intracardiac or 
palliative shunts, ongoing PHT due to the long-
term left-to-right shunting, electrophysiological 
disturbances, valvular or myocardial dysfunc-
tion, and systemic ventricular failure [28]. 
Morphologic and functional single ventricle 
pathologies are highly resistant to medical ther-
apy and so most transplant candidates with con-
genital heart disease have undergone failed prior 
palliative surgery for univentricular lesions [29]. 
A failed Fontan circulation procedure has two 
presentations: failed Fontan physiology (e.g., 
refractory ascites, pleural effusions, and protein-
losing enteropathy) or univentricular failure. 
Patients with a failed Fontan circulation have a 
higher post-transplant mortality than those with 
other congenital heart diseases because of the 
risk of infection, bleeding, and post-transplant 
RHF [30]. With the recent improvement of out-
comes after corrective congenital cardiac sur-
gery, HTx has been used less frequently as a 

  – Splenomegaly Non
  – Ascites <minimal
  – Hepatomegaly ≤minimal
  – Peripheral edema <moderate

AST aspartate aminotransferase, BMI body mass index, CVP central venous pressure, DPG diastolic pulmonary gradi-
ent, HTx heart transplantation, HLTx heart-lung transplantation, IABP intra-aortic balloon pump, INR international 
normalized ratio, IVC inferior vena cava, LVAD left ventricular assist device, LVEF left ventricular ejection fraction, 
t-MCS temporary mechanical circulatory support, mPAP mean pulmonary arterial pressure, PCWP pulmonary capillary 
wedge pressure, PVR pulmonary vascular resistance, RER respiratory exchange ratio, RHF right heart failure, RVEED 
right ventricle end-diastolic diameter, RVEF right ventricular ejection fraction, RVSWI right ventricle stroke work 
index, TAPSE tricuspid annular plane systolic excursion, TPG transpulmonary gradient, VO2 oxygen consumption

Table 45.6  (continued)
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primary therapy; nevertheless, it remains an 
established therapy for patients with end-stage 
cardiac disease for whom there are no suitable 
medical or surgical options, thereby accounting 
for >25% of all pediatric recipients and <2% of 
all adult recipients [31]. The biventricular form 
of end-stage congenital heart disease, which is 
found in a heterogeneous group of patients who 
underwent prior surgical curative repair, has 

three main indications for HTx: refractory car-
diac failure, pathology that cannot be treated sur-
gically, and life-threatening arrhythmia [32]. 
Three progressive scenarios can result in refrac-
tory cardiac failure: systemic right ventricular 
failure (e.g., c-TGA, D-TGA with the atrial 
switch procedure), native right ventricular fail-
ure (e.g., TOF, DORV, and severe Ebstein’s 
anomaly), or systemic left ventricular failure 
(e.g., inoperable VSD, AVSD). Candidates for 
HTx with congenital heart disease should 
undergo a detailed assessment of the position 
and anatomy of their thoracic abnormalities 
using imaging techniques (e.g., cardiac magnetic 
resonance imaging, chest computed tomography, 
or echocardiography) to guide the surgical strat-
egy; in addition, PHT should be evaluated, and 
all potential sources of circulation flow identi-
fied (Table 45.8). Specific anatomical abnormal-
ities, such as of vascular and cardiac size, 
position, and situs, require innovative solutions, 
careful surgical planning, modifications involv-
ing surgical ingenuity and creativity, and adapta-
tion of the recipient’s complex anatomy to that 
of the normal donor [33].

Lung transplantation is the only treatment 
modality that can be used for isolated RHF caused 
by end-stage parenchymal lung disease or PHT. It 
is reasonable to list patients for LTx if their life 
expectancy would be limited without a transplant 
and the risk-to-benefit ratio favors LTx rather than 
conventional medical treatment [34]. Many pre-
operative criteria need to be met before a decision 
is made regarding the suitability of an individual 
patient for LTx (Table 45.9). Lung function mea-

Table 45.7  Mechanisms for RHF after LVAD implanta-
tion in HTx candidates

A)	Preoperative RVD
	 – TAPSE <10 mm
	 – RV short/long axis ratio > 0.6
	 – RVEDD/LVEDD >0.75
B)	�Persistent elevated PVR (PVR ≥3 woods; 

mPAP ≥25 mmHg)
C)	Increased right side preload (CVP ≥16 mmHg)
	 – �Increased venous return by increased cardiac 

output from a LVAD
	 – �Inadequate left ventricular unloading
	 – Excessive volume resuscitation
	 – Severe TR (untouched or newly developed)
	 – Elevated CVP/PCWP (>2/3)
D)	�Non-recoverable postoperative systolic RV 

dysfunction (TAPSE <8 mm; RVSWI <250 mmHg/
mL/m2)

	 – �Preoperatively impaired RV (myocardial 
dysfunction)

	 – �Excessive leftward shift of the IVS by overly 
aggressive left ventricular unloading (contributial 
dysfunction)

	 – �Unaffected systolic ventricular interdependence 
by akinetic IVS (inoperative 20–40% addition for 
right ventricular output) (functional dysfunction)

E)	Tachyarrhythmias (>100 irregular beats/min)
	 – �Atrial fibrillation (10–20% decrease in left 

ventricular output)
	 – �Ventricular fibrillation (40% decrease in left 

ventricular output)
F)	� Contagion of the left side pathology to the right 

side

CO cardiac output, CVP central venous pressure, IVS 
interventricular septum, LVAD left ventricular assist 
device, LVEDD left ventricular end-diastolic diameter, 
mPAP mean pulmonary artery pressure, PCWP pulmo-
nary capillary wedge pressure, PHT pulmonary hyperten-
sion, RHF right heart failure, PVR pulmonary vascular 
resistance, RV right ventricle, RVD right ventricular dys-
function, RVEDD right ventricular end-diastolic diameter, 
RVSWI right ventricular stroke work index, TAPSE tricus-
pid annular plane systolic excursion, TR tricuspid 
regurgitation

Table 45.8  Risk factors for HTx candidates with con-
genital heart disease

• Pulmonary hypertension (progressive or irreversible)
• Aortopulmonary collaterals
• Pulmonary arterial pathologies (stenosis, thrombosis, 
or occlusion)
• Pulmonary vein anomalies (hypoplasia or scimitar 
syndrome)
• Central vein pathologies (stenosis, thrombosis, or 
occlusion; bilateral SVC)
• CHF after a previous corrective operation

CHF congestive heart failure, HTx heart transplantation, 
SVC superior vena cava
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surement, especially spirometric assessments of 
airflow obstruction and restriction, and, more 
importantly, their deterioration, should be used to 
determine the true timing of transplant referral, 
assessment, wait-listing, and transplant priority 
[35]. Appropriate LTx candidates should not have 
any significant thoracic wall deformity that could 
preoperatively affect or postoperatively impair, 
their lung functions. However, preoperative pul-
monary rehabilitation with anti-PHT medication 
can be an effective therapy for LTx candidates on 
the waiting list, improving their quality of life and 
exercise capacity, as well as the postoperative 

course [36]. Chronic obstructive pulmonary dis-
ease and idiopathic pulmonary fibrosis are the 
most common etiologies for primary LTx; on the 
other hand, re-transplantation rate has increased 
recently [37]. Idiopathic PHT with a normal 
PCWP and left ventricular end-diastolic pressure 
in the absence of structural, parenchymal, vascu-
lar, or thrombotic cardiopulmonary diseases is a 
rare pathology with a poor outcome [38]. Prior to 
the LTx procedure, a transplant candidate with 
this condition should be treated medically with 
endothelin receptor antagonists (ambrisentan or 
bosentan), phosphodiesterase type five inhibitors 

Table 45.9  Acceptance criteria for LTx candidates with RHF

A) Lung failure prognosis scores
 – Estimated 2-year survival >50%
 – Estimated 90-day survival after LTx >80%
 – Estimated 5-year survival >80%
B) Absence of thorax (chest wall, or spinal) deformity
C) Right heart catheterization
 – RAP >15 mmHg
 – LAP ≤15 mmHg
 – RAP/LAP >1
 – PCWP >15 mmHg
 – mPAP ≥25 mmHg
 – TPG >15 mmHg
 – DPG >10 mmHg
 – PVR >6 woods
 – CI <2 L/min/m2

 – RVSWI ≥5 g/m2/beat
D) Spirometric tests
 – PaO2 <60 mmHg
 – PaCO2 >50 mmHg
 – FVC <80% predicted or declined >10% in 6 months
 – DLCO <40% predicted or declined >15% in 6 months
 – FEV1 <25% predicted
E) Cardiopulmonary exercise testing
 – Peak Vo2 ≤10 mL/min/kg
F) Progressive RHF signs
 – Renal insufficiency Creatinine <2 mg/dL
 – Hepatic insufficiency Bilirubin <2 mg/dL
 – Recurrent ascites
 – BNP >100 pg/mL
 – 6-min walking test Distance <300 m or desaturation <88%

BNP brain natriuretic peptide, CI cardiac index, DLCO diffusion capacity of the lung for carbon monoxide, DPG diastolic 
pulmonary gradient, FEV1 forced expiratory volume in first second, LAP left atrial pressure, PaO2 partial arterial oxygen 
pressure, PaCO2 partial arterial carbon dioxide pressure, PAP pulmonary artery pressure, PCWP pulmonary capillary 
wedge pressure, PVR pulmonary vascular resistance, RAP right atrial pressure, RHF right heart failure, RVSWI right 
ventricular stroke work index, TPG transpulmonary gradient, Vo2 oxygen consumption
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and guanylate cyclase stimulators (sildenafil, 
tadalafil, or verdanafil), and/or prostacyclin ana-
logs and prostacyclin receptor agonists (iloprost, 
treprostinil, or selexipag) [39]. The high resis-
tance of the diseased pulmonary vascular bed 
with idiopathic PAH can hinder right ventricular 
ejection, and patients often die from progressive 
RHF or sudden fatal arrhythmias; however, these 
can be postponed by atrial septostomy or a pul-
monary artery–left atrial shunt [40]. Bilateral LTx 
seems to have better overall survival than single 
LTx, and lower chronic rejection (the bronchiol-
itis obliterans syndrome), in older recipients 
(>50 years), and in those with a higher lung allo-
cation score, chronic obstructive pulmonary dis-
ease, idiopathic PAH, septic lung disease (e.g., 
cystic fibrosis or bronchiectasis), or idiopathic 
pulmonary fibrosis [41].

The initial, and remaining most common, 
diagnoses for HLTx are primary PHT and con-
genital heart disease with or without concomitant 
Eisenmenger’s syndrome. In chronic lung 
diseases such as chronic obstructive pulmonary 
disease or idiopathic pulmonary fibrosis, the 
pathophysiology of PHT is complex and multi-
factorial. Hypoxia and chronic inflammation are 
the main factors, resulting in vasoconstriction, 
vascular remodelling, small vascular destruction 
and fibrosis, and elevated PVR due to endothelial 
dysfunction [42]. Overload of the right heart ini-
tially results in remodeling and hypertrophy, but 
it can then lead to cor pulmonale, i.e., dysfunc-
tion and dilatation with an increase in the release 
of cardiac natriuretic peptides, despite the pre-
served left ventricular function [43]. The best 
curative treatment for this pathology in patients 
with severe pulmonary vascular disease is bilat-
eral LTx, but HLTx is the preferred approach for 
severe pulmonary vascular disease combined 
with end-stage heart failure [44].

45.3.3	 �Waiting-List Priorities

Over the last two decades, there have been 3,500 
and 4,000 HTx procedures annually, with the 
shortage of donors preventing an increase in these 

numbers. The widening gap between the number 
of donors and waiting recipients has resulted in a 
continuing trend towards transplanting the candi-
dates whose status is considered to be urgent. In 
July 2006, the United Network for Organ Sharing 
(UNOS) changed the organ allocation algorithm, 
allowing the broader regional sharing of available 
hearts to those in more immediate need before 
their allocation to local, less sick candidates; this 
change increased the allocation of hearts to 
patients with urgent status 1A/1B, especially 
favoring status 1A patients (Table  45.10). 
However, for the allocation of the limited number 
of donor organs to be truly equitable, objective, 
and medically justified, it should be redefined in 
favor of the patients with the greatest change of a 
favorable postoperative course. The Thoracic 
Organ Transplantation Committee has begun 
work on a new heart allocation system with an 
expanded number of allocation statuses: This new 
system will take into account the severity of ill-
ness and geographic variations in heart allocation, 
and will incorporate the emerging population of 
LVAD patients, with and without associated com-
plications, as well as previously disenfranchised 
groups of patients, it will also focus on the candi-
dates’ underlying physiology rather than their 
diagnoses (Table 45.11) [45]. However, this pro-
posed allocation system assigns priority to 
patients on the waitlist based solely on their risk 
of mortality, with no consideration of post-trans-
plant outcomes; maybe, mechanical circulatory 
support devices can be a better alternative for 
them, with delivering comparable survival with 
HTx [46]. The new system is similar to the pres-
ent UNOS system, and RHF patients with severe 
decompensation caused by congenital heart dis-
ease, isolated right ventricular cardiomyopathy 
(CMP), severe primary or secondary PHT, or 
restrictive or infiltrative CMP are also at a consid-
erable disadvantage in the proposed system. 
These patients generally experience longer wait 
times and higher waitlist mortality than other 
CMP patients. Patients supported with veno–arte-
rial ECMO are undoubtedly at the highest risk of 
death on the waitlist, but they also have the worst 
post-transplant outcomes. Because of their higher 
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risk of postoperatively mortality, it remains a 
major concern that patients on ECMO are priori-
tized into the highest status. The role of LVAD 
versus HTx in a subgroup of heart failure patients 
should be determined by clinical trials that 
directly compare the effectiveness of LVAD as a 
destination therapy and HTx [47]. Over the last 
decade, in the absence of donors, LVAD implanta-
tion has increased and taken the place of HTx or 
HLTx in end-stage heart failure patients with 
reversible PHT, particularly for patients of 
advanced ages or who are ineligible for transplan-
tation [24]. With this strategy, the proportion of 
patients bridged to transplant with LVAD has 
increased from around 20% to approximately 
50%.

Because the number of donors is currently 
decreasing and is unlikely to increase in the 
future, the waitlist algorithm for HTx should be 
revised so that it does not depend on the involve-
ment of the heart (left, right, or biventricular fail-
ure should have equal priority) or the presence of 
any mechanical circulatory support; the listing 
priority should be intravenous treatment with or 
without intra-aortic balloon pump >  total artifi-
cial heart  >  LVAD  >  ECMO.  Conversely, to 
improve early and late survival, as well as graft 
patency, the top priorities for listing should be 
decided according to the following criteria: the 
severity of symptoms; with priority for any type 
of compensated heart failure; the type of CMP, 
with right side CMPs, congenital anomalies, and 

Table 45.10  The United Network for Organ Sharing (UNOS) heart allocation system

Status Current criteria
1A A- Patients in the ICU with

 � •  Inotropic support under pulmonary arterial monitorization
 � •  Mechanical circulatory support
 �   –  30-day elective ventricular assist device time LVAD
 �   –  Total artificial heart TAH
 �   –  Intra-aortic balloon pump IABP
 �   –  Extracorporeal membrane oxygenation ECMO
 � •  Mechanical ventilation
B- LVAD patients with
 � •  Life-threating ventricular arrhythmia
 � •  RVF
 � •  RVAD
 � •  Device malfunctions
 �   –  Mechanical failure
 �   –  Line failure
 �   –  Thrombosis and/or thromboembolism
 �   –  Infection
 �   –  Pump
 �   –  Line
 �   –  Mediastinitis
 �   –  Septisemia
C- Exception granted by the regional review board

1B A- Mechanical circulatory support beyond the 30-day interval
B- Continuous intravenous inotropic support
C- Exception granted by the regional review board

2 Those who do not meet the criteria for status 1A or 1B

ECMO extracorporeal membranous oxygenation, IABP intra-aortic balloon pump, ICU intensive care unit, LVAD left 
ventricular assist device, RVAD righty ventricular assist device, RVF right ventricular failure, TAH total artificial heart
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Table 45.11  The new heart allocation system

New
status Criteria UNOS status
1 1. ECMO 1. Status 1A(a)(iv)

2. Mechanical ventilation 2. Status 1A(c)
3. Non-dischargeable (surgically implanted) LVAD 3. Subset of status 1A(a)(i) and subset of 

status 1B(aa)
4. MCS with life-threatening ventricular arrhythmia 4. Status 1A(b)(iv)

2 1. IABP 1. Status 1A(a)(iii)
2. Ventricular tachycardia/ventricular fibrillation, 
mechanical support not required

2. Subset of status 1A exceptions

3. MCS with device malfunction/mechanical failure 3. Status 1A(b)(iii)
4. Total artificial heart 4. Status 1A(a)(ii)
5. Dischargeable BiVAD or RVAD 5. Subset of status 1A(a)(i) and subset of 

status 1B(aa)
6. Acute circulatory support

3 1. Dischargeable LVAD for up to 30 days 1. Subset of status 1A(a)(i)
2. Status 1A exception 2. Status 1A(e)
3. Multiple inotropes or single high-dose inotropes with 
continuous hemodynamic monitoring

3. Status 1A(d)

4. MCS with device infection 4. Status 1A(b)(ii)
5. MCS with thromboembolism 5. Status 1A(b)(i)
6. MCS with device-related complications other than 
infection, thromboembolism, device malfunction/
mechanical failure or life-threatening ventricular 
arrhythmia (e.g., hemolysis, mucosal bleeding)

6. Status 1A(b)(v)

4 1. Diagnosis of CHD with: 1. a. a. a. NA
a. Unrepaired/incompletely repaired complex CHD, 
usually with cyanosis
b. Repaired CHD with two ventricles (e.g., TOF, TOGV)
c. Single ventricle repaired with Fontan or modifications
2. Diagnosis of CAD with intractable angina 2. NA
3. Diagnosis of hypertrophic CMP 3. NA
4. Diagnosis of restrictive CMP 4. NA
5. Diagnosis of amyloidosis 5. NA
6. Stable LVAD candidates after 30 days 6. Subset of status 1B(aa)
7. Inotropes without hemodynamic monitoring 7. Status 1B(bb)
8. Retransplant 8. NA
9. Status 1B exceptions 9. Status 1B = exception

5 Approved combined organ transplants: heart-lung; 
heart–liver; heart–kidney

Not applicable

6 All remaining active candidates Status 2
7 Inactive/unable to undergo transplant Inactive

BIVAD biventricular assist device, CAD coronary artery disease, CHD congenital heart disease, CMP cardiomyopathy, 
ECMO extracorporeal membraneous oxygenation, IABP intra-aortic balloon pump, LVAD left ventricular assist device, 
MCS mechanical circulatory support, RVAD right ventricular assist device
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restrictive CMPs having priority; associated non-
cardiac pathologies, with priority for multiorgan 
transplantation given to end-stage lung, renal, or 
hepatic diseases; and the patient’s present clinical 
condition, with priority given in the order elec-
tive (hospitalized stability)  >  urgent (invasive 
treatment modalities with or without device-
related complications)  >  emergency (temporary 
left heart circulatory support). The best important 
factor for improving operative and postoperative 
outcomes is for the patients to be in the best pre-
operative condition without immunologic sensiti-
zation. End-stage heart failure patients with 
decompensated LCOS should first be treated 
with a temporary circulatory support devices (an 
IABP, ECMO, or LVAD) before being nominated 
for transplantation; and, after their clinical condi-
tion has stabilized and the multisystem disrup-
tions have healed, these patients should then be 
added to the waitlist to be avoided the harmful 
effects of pre-existing non-healed non-cardiac 
organ dysfunctions. In the near future, it is 
expected that technologic and medical advances 
will simplify temporary and/or permanent 
mechanical circulatory support, with fewer com-
plications and better outcomes, and that this 
would allow the suspension of early HTx in 
unsuitable recipients or patients in bad condition. 
Destination therapy with prosthetic devices 
would take the place of HTx in end-stage LHF 
patients, and appropriate donor organs would be 
allocated to patients with RHF or restrictive 
CMPs, or who are in better conditions.

Although the number of LTx procedures has 
been increasing, it remains inadequate for meet-
ing the LTx requirements of all patients with end-
stage lung disease resulting severe RHF.  The 
waiting list algorithm for chronic lung diseases 
has been revised with priority given to patients 
with progressively disabling pulmonary patholo-
gies who still have the capacity for full rehabilita-
tion after LTx. Much of the current success in 
LTx relates to the presence of the degree of RVF, 
and especially its temporary nature, because pul-
monary failure progresses faster than does sec-
ondary RHF and survival is shorter. Potential 
LTx candidates with primary RHF resulting from 

severe pulmonary vascular disease are rarely 
included on the LTx waitlist; these patients are 
not given priority for isolated LTx either by tho-
racic surgeons, because of the persistence of the 
RHF after transplantation, or by cardiac sur-
geons, who neglect these patients for HTx in 
favor of patients with LHF.  These patients are 
more suitable for HLTx. However, patients with 
secondary RHF resulting from by end-stage lung 
disease can be referred for isolated LTx because 
of the high probability they will recover from the 
RHF after LTx.

45.3.4	 �Management Until 
Transplantation

Candidates on the waitlist with isolated RHF 
usually have preserved LVEF with non-elevated 
PAP, but their left ventricle cannot take on the 
right ventricular function and prevent 
LCOS.  Aggravated symptoms result mostly 
from the decompensated RVF, which should be 
treated immediately in the intensive care unit. 
Aggressive intravenous medical treatment can 
often solve systemic failure, with the first stage 
treatment including volume replacement (of 
colloid or blood products), pulmonary vasodila-
tors, right heart inotropes, and diuretics. If the 
decompensation of the right heart is not 
resolved, the next step should be mechanical 
circulatory support; peripheral veno–arterial 
ECMO is the best option to prevent circulatory 
failure, hypoxia, hypercapnia, and multiorgan 
failure. If the LVEF is preserved, the peripheral 
ECMO is created between the right femoral 
vein, percutaneously, to unload the RV and the 
left subclavian artery, surgically via a prosthetic 
graft, to maintain the systemic circulation. If the 
LVEF is not preserved, left heart unloading 
should be created and added to the ECMO 
through the left atrium (LA) percutaneously or 
surgically via a Kırali circuit [48]. Both of these 
ECMO procedures were detailed in Chap. 46. 
An alternative would be to insert a temporary 
mechanical circulatory support device into the 
LV through the femoral artery.
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45.4	 �Donor Evaluation 
and Management

Because of the significant shortage of donor, 
donor evaluation is the most important and most 
difficult step in HTx [49]. Fortunately, using 
LVAD implantation as a bridge to HTx should 
make it easier for the transplant team to allocate 
the donor hearts to recipients who are more 
hemodynamically stable or younger. Several car-
diothoracic criteria for donor intrathoracic organ 
approval are widely accepted (Table 45.12). The 
first criterion is that the donor should be younger 
than 60 and without any documented atheroscle-
rotic artery disease. It is recommended that all 
potential donors older than 45  years should 
undergo coronary angiography; however, this 
may not be feasible when a center lacks an angi-
ography unit, as is commonly the case, or the 
renal transplant team objects to the procedure. 

Many centers therefore prefer younger donors 
(<40 years) because of the absence or low inci-
dence of coronary artery disease at these ages. If 
an intraoperative evaluation reveals several cal-
cific plaques in the coronary territory of the donor 
heart, this is an absolute contraindication to HTx, 
especially in diabetic and/or hypercholesterol-
emic donors. The final decision should therefore 
be made after direct visualization and manual 
examination of the donor heart during organ pro-
curement. The second criterion is that the donor 
should not have experienced any prolonged epi-
sodes of profound hypotension without LCOS (< 
a few hours) or cardiac arrest requiring external 
massage support (<10  min). Echocardiography 
should be performed prior to harvesting to evalu-
ate the cardiac structures, myocardial capacity, 
and valvular functions, as well as the presence 
and content of any presence and content pericar-
dial fluid. Serum cardiac enzymes should be at 
normal levels or, at most, mildly elevated. The 
third criterion is that there should have been no 
blunt or penetrative thoracic trauma associated 
with rib fracture or pleural and/or pericardial 
hemorrhage.

Before procurement, careful medical manage-
ment of the donor heart is essential because brain 
death is associated with autonomic and cytokine 
storms. Hypotension, hypothermia, and diabetes 
insipidus are frequent physiologic results of brain 
death and should be managed carefully. In addi-
tion, excessive fluid replacement can result in 
right ventricular distention and lung damage due 
to extravascular water. Low-dose inotropic sup-
port is usually given to sustain hemodynamic sta-
bility (with mean arterial blood pressure 
>60 mmHg and CVP 6–10 mmHg). If a higher 
dose of inotropic and catecholamine infusions is 
needed, this indicates myocardial distress; how-
ever, these agents can themselves cause myocar-
dial injury. The period of hypothermic ischemia 
should not exceed 4 h and should preferably be 
for less than 3 h.

The donor selection criteria for LTx are simi-
lar, but pulmonary function tests are paramount 
for LTx and HLTx. The chest X-ray should be 
clear and the partial pressure of arterial oxygen 

Table 45.12  Donor heart selection criteria

Absence of any cardiac pathology
Short-term cardiac arrest (<10 min)
Hemodynamic stability with/without a single low dose 
inotropic infusion dobutamine or dopamine <10 μg/
kg/min
Age (<40 years)
Absence of systemic infection (normal procalcitonin 
level)
Soft chest trauma (normal cardiac enzyme levels)
Matched body size
Donor height ≥90% recipient height with normal PVR 
in adults
Donor height ≥120% recipient with high PVR in 
adults
Donor height <120% recipient height in children
Donor weight ≥90% recipient weight
Matched ABO blood-type compatibility
Hemodynamic parameters
LVEF >55%
CI >2.4 L/min/m2

MAP >60 mmHg
CVP <10 mmHg
PCWP <12 mmHg

CI cardiac index, CVP central venous pressure, LVEF left 
ventricular ejection fraction, MAP mean arterial pressure, 
PCWP pulmonary capillary wedge pressure, PRA panel 
reactive antibody, PVR pulmonary vascular resistance
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Fig. 45.1  Donor heart harvesting. (a) Procurement 
begins by dividing of the SVC. There are two strategies to 
unload the left heart: (b1) if the donor’s lungs will not be 
used, the RSPV is divided for the left heart drainage; or, 
(b2) if the donor’s lungs will be used, a left atriotomy inci-
sion is performed on the interatrial sulcus close to the 
RSPV. (c) The IVC is divided for right heart drainage. (d) 
The ascending aorta is cross-clamped and the hypother-
mic cardioplegic solution is infused. (e) Cardiectomy pro-

ceeds by dividing the RIPV and then the left pulmonary 
veins at the pericardial reflection. (f1) The pulmonary 
veins are divided from the LA in an islet shaped (right 
side) if a single lung is harvested; or (f2) as bilateral pul-
monary vein cuffs with myocardial tissue if both lungs 
will be used. (g1) After the ascending aorta is divided at 
the cross-clamping site, the PA is divided with both 
branches if donor lungs are not used, or (g2) transected 
just below the bifurcation if the donor lungs will be used

(PaO2) should exceed 140 mmHg for a fraction of 
inspired oxygen (FiO2) of 40% and 300 mmHg 
for an FiO2 of 100%. Peak inspiratory pressure, 
use to estimate lung compliance should be less 
than 30 mmHg, and a bronchoscopic evaluation 
should confirm the absence of purulent secretions 
or signs of aspiration. Medical management is 
more difficult and delicate for donor lungs than 
for donor hearts because of the high risk of neu-
rogenic pulmonary edema, aspiration, nosoco-
mial infection, and contusion. Intravascular 
volume replacements to maintain the mean sys-
tolic arterial pressure should be limited so that 
CVP does not exceed 10 mmHg. Crystalloid fluid 
boluses must be avoided, and the hemoglobin 
concentration should be maintained at >10 g/dL 
to prevent pulmonary congestion. To prevent 
atelectasis, the ventilator should be set so that 
positive end-expiratory pressures is 3–5 cm H2O.

45.5	 �Technique of Operations

45.5.1	 �Intrathoracic Organ 
Procurement

45.5.1.1	 �Donor Heart Procurement
The most common incision used for standard 
multiorgan procurement is a long midline inci-
sion from the jugular notch to the pubis. The 
heart procurement team performs a median 
sternotomy after preparing the donor at first and 
opens the pericardium to examine the heart for 
evidence of cardiac injury, structural anoma-
lies, coronary lesions, and myocardial perfor-
mance before harvesting intraabdominal organs 
by the abdominal organ procurement teams. If 
the team decides to use the heart, they inform 

the heart transplant team in the recipient hospi-
tal so that preparations can start for the recipi-
ent. On the other hand, repeat sternotomy and 
harvesting of the stick adhesions around the 
recipient heart, especially around the implanted 
LVAD, take more time than those of primary 
operation. The heart procurement team should 
therefore begin first with examining the heart 
and notifying the transplant team if it is suit-
able. The other organ-teams proceed after this. 
The goal of this strategy is to reduce or elimi-
nate the ischemic waiting time in the operating 
room after the donor heart arrives at the recipi-
ent hospital.

Procurement begins with the full mobilization 
of the ascending aorta and the superior vena cava 
(SVC). Before the cardiectomy begins, 
10,000 units of heparin is given and the SVC is 
tied as far distally as possible and divided 
(Fig. 45.1a). There are two possible strategies to 
achieve unloading of the left heart to prevent left 
ventricular distention: (1) if the donor’s lungs 
will not be used, the right superior pulmonary 
vein (RSPV) is divided to allow the left heart 
drainage (Fig. 45.1b1); or (2) if the donor’s lung 
are to be used, a left atriotomy incision is made 
on the interatrial sulcus close to the RSPV 
(Fig.  45.1b2). The inferior vena cava (IVC) is 
divided for the right heart drainage (Fig. 45.1c). 
After a few beats to allow complete emptying of 
the heart, the ascending aorta is cross-clamped 
just proximal to the brachiocephalic artery and 
2 L (≥20 mL/kg) of profoundly hypothermic car-
dioplegic solution is infused through the ascend-
ing aorta (Fig.  45.1d); at the same time the 
pericardial cavity is filled with ice-cold saline or 
slush solution. There are several cardioplegic 
solutions for graft preservation classified as intra- 

K. Kırali



773

a

b

c d

45  Heart, Lung, and Heart–Lung Transplant



774

e

f

g

Fig. 45.1  (continued)
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or extra-cellular, but Bretschneider’s solution is 
the preferred cardioplegia in our clinic [50].

If neither lung is to be used, the cardiectomy 
proceeds with the division of the right inferior 
pulmonary vein (RIPV) and then the left pulmo-
nary veins at the pericardial reflection 
(Fig. 45.1e). If one lung is used, the right pulmo-
nary veins are divided from the left atrium (LA) 
in the shape of an islet (Fig. 45.1f1). If both lungs 
are used, the LA resection should be as broad as 
possible, leaving only the bilateral pulmonary 
vein cuffs with myocardial tissue (Fig.  45.1f2). 
After this, the ascending aorta is divided at the 
cross-clamping site. The pulmonary artery (PA) 
should be divided including both branches, if the 
donor lungs will not be used (Fig.  45.1g1), or 
transected just below its bifurcation if the lungs 
are to be harvested (Fig.  45.1g2). The heart is 
then removed from the body and placed in three 
sterile bags filled with cold preservation solution, 
and then into an icebox (at 4–10 °C) for transport. 
The donor heart can survive without structural or 
histological damage for 4–6 h, but it should be 
kept like this for as short a time as possible (pref-
erably <3 h).

45.5.1.2	 �Donor Lung Procurement
During cardiac arrest, a large cannula should be 
inserted into the main PA through a horizontal 
incision approximately 1 cm wide just above the 
sinotubular junction; this achieves a more diffuse 
distribution of pulmoplegia (15  mL/kg/min for 
4 min) (Fig. 45.2a). This strategy is essential for 
ensuring the pulmonary bifurcation with bilateral 
branches remain untouched for the LTx, as well 
as the main PA just below bifurcation for the 
HTx, after suturing the pulmoplegic incision. 
After the pulmoplegic and vasodilator solutions 
have been delivered, the lungs are deflated and 
the heart is removed first, leaving a sufficient rim 
of the LA (≥1  cm) as a cuff for both left- and 
right side pulmonary vein islets. After removing 
the heart from the mediastinum, en-bloc harvest-
ing of both lungs should be started along the pre-
esophageal plane above the carina (Fig. 45.2b). 
First, the inferior pericardium is transected in a 
U-shape, taking care not to injure the lung at its 
attachment with the pulmonary ligament. This 

structure should be transected carefully by ceph-
alad traction on the double-lung bloc, and a sharp 
dissection is performed as high as possible 
between the esophagus and the posterior pericar-
dium to separate the esophagus from the trachea. 
The right lung is moved across into the left pleu-
ral cavity and the azygos vein is transected; the 
same maneuver is then performed on the left side 
to divide the thoracic aorta from the left lung. 
Once all the attachments have been transected, 
the double-lung bloc remains connected only to 
the trachea. The endotracheal tube is suctioned 
and both lungs are gently inflated manually with 
50% oxygen until all the atelectatic zones have 
been recruited; the trachea is then stapled at the 
highest possible point. After dividing the trachea 
between two parallel linear stapler lines, the 
inflated double-lung bloc is extracted from the 
body after spreading the sternal incision to its 
greatest extent and pulling down the diaphragm. 
If one or both lungs are used separately, the left 
and right PAs should be divided at the pulmonary 
bifurcation (Fig. 45.2c). The lungs are wrapped 
in sterile gauze pads and placed in ice-cold saline 
(at 2–4 °C).

45.5.1.3	 �Donor Heart–Lung 
Procurement

After administering the hypothermic cardio-
plegic and pulmoplegic solutions, the heart–
lung block is removed from the donor’s 
thoracic cavity with all vascular and respira-
tory structures, leaving behind only the distal 
ascending aorta and the IVC.  Usually both 
lungs and the heart are harvested together for 
bi-lung and cardiac transplantation (Fig. 45.3a). 
If one lung may be sufficient for HLTx, then 
the right lung and the heart are harvested, and 
the left lung will be used for another isolated 
LTx (Fig. 45.3b).

45.5.2	 �Orthotopic Intrathoracic 
Organ Transplantation

45.5.2.1	 �Heart Implantation
There are two implantation techniques for ortho-
topic HTx according to implantation of the right 

45  Heart, Lung, and Heart–Lung Transplant



776

atrium (RA) [51]. The bicaval technique for 
orthotopic HTx is the preferred approach because 
of its simplicity, facility, and convenience [52]. 
This technique also has better early and late out-
comes than the biatrial technique, especially with 
regard to maintaining the function of the atrio-
ventricular valves [53]. The biatrial technique 
was the procedure we initially used in our clinic 
when we first started HTx [54, 55], but the bica-
val technique has been our preferred technique 
over the last two decades [56].

After performing a median sternotomy and 
pericardiotomy, the recipient is heparinized and 
prepared for cardiopulmonary bypass (CPB).

The pericardium is divided like a bow from 
the lateral side of the PA to above the IVC in 
patients without prior intrapericardial interven-
tions (cardiac or mediastinal surgery) or pericar-
dial adhesions. This strategy is the exact opposite 
approach performed to prepare pericardial patch 
for septal defect closures or outflow tract enlarge-
ments. The main goal is to continue pericardial 

support for the transplanted heart after operation, 
especially for diastolic function.

The cannulation is first started with arterial 
cannulation through the distal ascending aorta 
using standard arterial cannula for standard cases 
or through the arcus aorta using ECMO arterial 
cannula via sliding technique for re-operations or 
recipients on LVAD.  The next step is bicaval 
venous cannulation through the distal SVC just 
below the innominate vein and through the RA 
just above the atrio-IVC junction. The CPB is 
started before passing umbilical tape snares around 
both venae cavae and tightening them. After the 
donor heart arrives to the recipient hospital, the 
recipient should be cooled down to 28 °C.

The donor heart is taken into the operative field, 
trimmed, and prepared for implantation. First, the 
aorta is separated from the PA, and the PA is then 
opened below its bifurcation and trimmed. The 
ascending aorta is transected from at its widest 
diameter and trimmed. The right and left pulmo-
nary veins are joined by incision, the LA is opened 

a bFig. 45.3  (a) Donor 
heart and lung en-block 
harvesting. (b) The left 
lung is separated for 
another LTx

a b c

Fig. 45.2  Donor lung harvesting. (a) After cross-clamping the aorta pulmoplegia is given. (b) Both lungs are har-
vested. (c) If both lungs will be used separately, the PA is divided at the bifurcation level
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posteriorly between these incisions to provide the 
maximum length for the left atrial suture line, and 
all weak tissues are removed. Finally, a retrograde 
cardioplegia cannula is inserted into the coronary 
sinus and the donor heart is preserved with retro-
grade continuous isothermic blood cardioplegia 
using “KK-polytropic” cardioplegia delivery sys-
tem until the cross-clamp is released. The first 
blood cardioplegic volume (10 mL/kg) should be 
cooled down to 15°C and the latters should be 
cooled to the recipient’s blood temperature  at 
increasing temperature (2–3°C per each cyclus).

After the recipient’s great vessels are dissected 
from each other, the ascending aorta is cross-
clamped and a vent catheter is inserted into the 
LA via the RSPV. The recipient’s heart is extracted 
and the donor heart is implanted using the pre-
ferred implantation technique, bicaval or biatrial.

Bicaval Technique
We prefer to use the standard bicaval technique 
with several variations of my clinic. There are 
several key points to avoid from surgical 
mismatches or deficiencies, purse-string effects, 
tension and torsion of anastomoses.

The SVC is transected at the atriocaval junc-
tion to the greatest extent possible without includ-
ing atrial tissue. This approach provides the 
sufficient length of the native SVC without overly 
wide diameter for anastomosis and excludes the 
recipient’s sinus node, resulting in postopera-
tively diagnostic mismatch of the presence or 
absence of the sinus rhythm.

The aorta and PA are then transected just 
above their sinotubular junctions (above commis-
sural tops). This approach provides over-length 
native arterial structures, which can be trimmed 
according to donor arterial structures. If the recip-
ient aortic length is excessive, the recipient aorta 
and also the donor aorta are trimmed until their 
midlevel, where each aorta has largest diameter, 
to prevent any anastomotic stenosis (purse-string 
effect, supravalvular stenosis, pseudocoarctation). 
If the recipient PA is long, it must be kept to avoid 
any injury of the recipient pulmonary bifurcation 
with or without branches, and the donor PA can be 
trimmed until its sinotubular junction to prevent 
any torsion or kinking of the anastomosis.

The LA resection is to begin at Sondergaard’s 
plane, which starts on the left atrial wall anterior 
to the RSPV, as the standard left atriotomy inci-
sion. The left atrial incision is extended down-
wards under the IVC and upwards under the 
aorta; it is then completed in a semi-circular fash-
ion by continuing above the left atrial appendage 
(LAA) and below the posterior mitral annulus. 
Before completing the total left atrial resection, 
the IVC should be transected with a generous 
cuff of the right atrial myocardium. If LA cavity 
is very enlarged, LA reduction is necessary and 
there are two approaches to reduce native left 
atrial cavity: LAA (for partial) or left atrial poste-
rior wall between right and left pulmonary veins 
(for hudge) is resected as V-shape and both edges 
are sewn together with over-and-over technique. 
The LAA resection in a V-shape also prevents 
postoperative thrombosis due to removing the 
immobile recipient LAA.

The IVC is transected with a right atrial cuff. 
The incision should be started 2  cm above the 
inferior vena cannula on the anterior surface of 
the RA and extended immediately inferior to the 
coronary sinus orifice on the medial side and 
inferior to the RIPV on the lateral side; both ends 
are then joined to each other. The IVC cuff should 
be shaped like a broad-based funnel with an ellip-
tic, concave tongue from bottom to front to pre-
vent any stenosis of the IVC anastomosis.

The final step is to separate all attachments of 
the recipient heart to the underlying structures 
and remove it from the pericardial space. After 
then, all of the transected structures left behind 
should be prepared and trimmed for the upcom-
ing anastomoses.

Implantation begins with the left atrial anasto-
mosis, which starts with a double-armed 4/0 poly-
propylene suture at the lower sides of both LAAs 
(Fig. 45.4a). If native LAA is resected, then the 
sewn edges are sutured at the midlevel of the ori-
fice of donor’s LAA.  Whenever possible, there 
should be mutual contact of the two left atrial sur-
faces to promote direct endothelial apposition and 
to prevent potential thrombus formation, and a 
running everything suture technique should be 
externally applied to avoid excessive protrusion 
of the tissue from the suture line. The two LAAs 
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are sewn to each other; this secures the appropri-
ate geometric placement of the donor heart and 
the reciprocal placement of both SVCs, which is 
important for preventing any stenosis, torsion, 

tension, traction, or laceration of the superior 
caval anastomosis. When both arms of the suture 
are extended from both sides with the continuous 
suturing technique, a fixing loop should be per-

a b

c

e

d

Fig. 45.4  Bicaval HTx. (a) Left atrial anastomosis is 
started at the appendage level. (b) Second step under 
cross-clamp is aortic anastomosis. (c) After removing 

cross-clamp, SVC anastomosis is performed. (d) The next 
step is pulmonary arterial anastomosis. (e) The last step is 
IVC anastomosis via open-suturing approach
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formed at every fifth or sixth stitch to ensure the 
tightness of the suture. When both arms of the 
suture reach the area of the right pulmonary veins, 
the LA is allowed to filling with blood by vigor-
ous expansion of the lungs; the suture line is then 
secured and tied. The second anastomosis is per-
formed as the same way between the two aortas, 
constructing a standard end-to-end anastomosis is 
by using a running double-armed 4/0 polypropyl-
ene suture that includes several fixing loops for 
suture tightness. It is rare for there to be an aortic 
mismatch but, in patients with annuloaortic ecta-
sia, the donor ascending aorta cannot match the 
appropriate size of the dilated recipient aorta. A 
tubular graft must be interposed between the two 
aortas of different diameters to adapt the smaller 
outflow to the larger orifice [57]. Compatibility of 
the tubular arterial vasculatures is even more 
essential if recipient’s aorta is markedly smaller, 
to avoid artificial aortic coarctation. Before secur-
ing the suture line, an antegrade cardioplegic nee-
dle should be inserted through the suture line or 
into the ascending aorta to de-air the left heart, 
and the suture line then secured. Rewarming and 
mechanical ventilation are started, the LA is 
filled, and the cross-clamp is removed after the 
left heart de-airing (Fig.  45.4b). The rest of the 
surgery is completed on the beating heart. The ret-
rograde cardioplegia cannula is removed, and the 
left atrial and aortic anastomoses are both checked 
for any bleeding or dehiscence. The next step is 
the anastomosis of the PAs or SVCs depending on 
surgeon’s preference. The SVC anastomosis is 
performed with a running double-armed 5/0 poly-
propylene suture, including several fixing loops to 
prevent the purse-string effect of the suture line. 
The key point is to avoid the reconstructed SVC 
being unnecessary long, because this causes a 
tunnel format that increases resistance and can 
result in SVC syndrome (Fig. 45.4c). The point to 
note is the length of the reconstructed PA to avoid 
folding and shrinking: the donor PA should be 
transected below its bifurcation, the recipient PA 
trimmed, and an end-to-end anastomosis con-
structed with a continuous double-armed 4/0 
polypropylene suture, including several fixing 
loops for suture tightness (Fig. 45.4d). Finally, the 
IVC anastomosis is performed with a running 

double-armed 5/0 polypropylene suture, includ-
ing several fixing loops to prevent the purse-string 
effect of the suture. The specific shape of the IVC 
cuff and the extended inferior orifice of the donor 
RA via a vertical front incision, made until the 
tricuspid annulus will be visible, both simplify 
inferior caval anastomosis by the continuous 
suturing technique without causing anastomotic 
stenosis. The attractive strategy during this anas-
tomosis is the open suturing approach with releas-
ing the tape around the native VCI, removing and 
inserting the inferior cava cannula directly into 
the VCI or leaving it as it is under negative vac-
uum, and aspirating the VCI with coronary suc-
tion cannula additionally (Fig. 45.4e).

Biatrial Technique
When using the biatrial technique, the recipient 
RA is incised just above the level of the entrance 
to the IVC and the incision is extended superiorly 
anterior to the sulcus terminalis. A second inci-
sion is made laterally at the interatrial membra-
nous septum; this should continue superiorly 
until it meets the first incision in front of the 
SVC.  The incision is then continued inferiorly 
around the coronary sinus until it meets the first 
incision in front of the IVC. The main difference 
of this technique from the bicaval technique is 
leaving both venae cavae intact below the cut sur-
face, where the trabeculated RA is transected and 
the venous RA with both vena entrances is left 
untouched. The LA is resected, leaving a gener-
ous cuff above the entrances of both side pulmo-
nary veins and the LAA.

The donor heart is prepared in a different 
way to the bicaval technique, especially with 
regard to the LA and the RA. A circular cuff for 
the LA, tailored to the recipient left atrial rem-
nant, is created by incising through the pulmo-
nary vein orifices and combining them. The RA 
is harvested as described for the bicaval tech-
nique, but the SVC is left as knotted during 
implantation. The RA is prepared by a curvilin-
ear incision from the IVC orifice toward the 
base of the RA appendage, approximately equi-
distant from the sulcus terminalis and the atrio-
ventricular groove to reduce the risk of injury on 
the sinoatrial node.
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Implantation begins with the left atrial anasto-
mosis, which starts with a double-armed 4/0 
polypropylene suture at the lower sides of both 
LAAs. The rest of the anastomosis is completed 
as described for the bicaval technique, providing 
endothelium-to-endothelium apposition. When 
both arms of the suture are extended from both 
sides, a fixing loop should be performed by sev-
eral time to ensure the tightness of the suture, and 
the suture arms tied together on the outside of the 
heart. Left atrial venting is stopped and the LA 
allowed to fill with blood by vigorous expansion 
of the lungs to de-air the left heart. The second 
anastomosis is proceeded with the RA anastomo-
sis, which is constructed with a running double-
armed 4/0 polypropylene suture, including 
several fixing loops for suture tightness. The third 
anastomosis is the aortic anastomosis, which is 
performed with a continuous double-armed 4/0 
polypropylene suture. An antegrade cardioplegic 
needle is inserted through the suture line to de-air 
the left heart, and the suture line is then secured. 
Rewarming and mechanical ventilation are 
started, the LA is filled, and the cross-clamp is 
removed after de-airing the left heart. The pulmo-
nary end-to-end anastomosis is constructed as 
described for the bicaval anastomosis (Fig. 45.5).

45.5.2.2	 �Lung Implantation
If the lungs are implanted separately without 
using CBP, a consecutive technique is preferred 
in which the functionally worse side is usually 
transplanted first with the better lung. 
Pneumonectomy of the recipient is performed in 
the standard fashion, stapling the pulmonary 
artery and veins, and the bronchus is prepared 
centrally and opened with a scalpel. Two 4/0 
polydioxanone stay sutures are placed at the 
angles between the cartilaginous and membra-
nous portions. The lung is then removed from the 
chest cavity, the pericardium is opened between 
the superior pulmonary vein and the phrenic 
nerve, and the LA is fully mobilized. The PA is 
prepared intrapericardially as centrally as possi-
ble to provide sufficient length for the anastomo-
sis. The donor lung is then unpacked, all of the 
vascular structures are prepared, and the pulmo-
nary artery is carefully inspected for any intralu-
minal embolic material. The bronchus is 
shortened such that only one cartilage ring 
remains after separating the upper lobe bronchus 
and careful preserving of the peribronchial tissue. 
The first step is the bronchial anastomosis, which 
starts at one end of the cartilaginous portion, 
passes over the membranous portion with a sin-
gle running suture technique, and then uses the 
same single running suture for the anterior carti-
laginous portion. If there is a bronchial size mis-
match, the imbalance is adjusted over the whole 
circumference. Usually, the anastomosis is not 
covered with any additional tissue. The left 
atrium is then side-clamped intrapericardially 
with a Satinsky clamp and anastomosed at the 
level where there is myocardial muscle tissue 
present; this is because the tissue at the level of 
the veins is too fragile to allow a safe anastomo-
sis. The final step is pulmonary artery anastomo-
sis (Fig.  45.6). After administering the initial 
dose of immunosuppressants, retro- and ante-
grade flushing of the pulmonary vasculature to 
flush out the preservation solution, and de-airing 
the pulmonary vascular system, the sutures of the 
anastomoses are knotted. At this stage, protective 
ventilation is started without manual recruitment. 
If the procedure is performed without the use of 
extracorporeal support, controlled reperfusion Fig. 45.5  Biatrial HTx
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with partial manual compression of the PA should 
be performed for 10 min to avoid an initial vol-
ume overload of the newly implanted lung.

45.5.2.3	 �Heart and Lung En-Block 
Implantation

As with the procedure for orthotopic HTx, the 
HLTx recipient is prepared in the standard fash-
ion and CPB is established through a median 
sternotomy. Both pleurae are opened widely. The 
native heart is excised first, as with the bicaval 
technique: all that remains are a cuff of the LA 
including bilateral pulmonary veins, the ascend-
ing aorta, and both venae cavae. The second step 
is to remove both lungs with the vascular struc-
tures, after dividing the pulmonary attachments. 
The bilateral bronchial stumps are mobilized to 
the level of the carina, and the trachea is tran-
sected just above the bronchial bifurcation. The 
donor’s heart-lung block is prepared by dividing 
the trachea approximately 2 cm above the carina 
with the membranous portion longer than the car-
tilaginous portion. The lungs should be placed 
beneath the pericardial pedicle on each side. The 

first anastomosis is the tracheal anastomosis 
using a continuous 3/0 polypropylene suture; the 
pericardium is then wrapped around it. The bica-
val technique is used for the cardiac anastomosis 
(Fig. 45.7).

45.6	 �Immunosuppression

Each clinic designs its own immunosuppressive 
treatment, but the preferred regimen is usually 
triple medication with a calcineurin inhibitor 
(cyclosporine or tacrolimus), an antiproliferative 
agent (azathioprine or mycophenolate mofetil), 
and corticosteroids (Table 45.13). However, it is 
recommended that corticosteroids are discontin-
ued at the 6th months post-HTx because of the 
numerous metabolic and cardiovascular side 
effects [58]. The early addition of an mTOR agent 
(sirolimus or everolimus) increases the effects of 
the calcineurin inhibitors and allows their dosage 
to be reduced to prevent renal impairment; these 
agents also reduce the progression of cardiac 
allograft vasculopathy. Induction therapy pro-
vides more intensive initial immunosuppression, 
with the aims of reducing the incidence of acute 
rejection and facilitating the maintenance of post-
transplant immunosuppression [59]. Typically, 
this would comprise interleukin-2 antagonists 
(basiliximab) before surgery, corticosteroids 

Fig. 45.7  Heart and lung en-block implantation

Fig. 45.6  Lung implantation
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before and after surgery, antilymphocyte antibod-
ies (thymoglobulin) after surgery.

The objectives of HTx management are the 
prevention of acute cellular and antibody-
mediated rejection and cardiac allograft vascu-
lopathy, and optimal preservation of the 
integrity and function of the donor organ. 
Valuable noninvasive diagnostic tests for the 
follow-up asymptomatic recipients include 
AlloMap molecular expression testing, graft-
derived cell-free DNA testing, echocardiogra-
phy and cardiac magnetic resonance imaging; 
however, endomyocardial biopsy remains the 
gold standard for clarifying allograft rejection 
in symptomatic patients [60]. Correlating with 
and supported by the other noninvasive meth-
ods, cytoimmunologic monitarization can be 
used a reliable method for screening of rejec-
tion phenomenon and infection, and may reduce 
the need of endomyocardial biopsies in heart 
transplant patients [61]. Electrocardiographic 
recordings from epicardial pacemaker leads left 
on the LV and the RV may be an assistive diag-
nostic method for early postoperative rejection 
[62]. However, the standard current practice for 
post-transplantation follow-protocol to detect 

allograft rejection consists of periodic echocar-
diographic controls with or without endomyo-
cardial biopsy procurement [63].

45.7	 �Postoperative Complications

45.7.1	 �Acute Graft Failure

Primary cardiac allograft failure is the main 
cause of acute graft failure, accounting for 
more than 35% deaths in the first 30 days. This 
pathology is observed in 1.5–30% of recipients 
after HTx; its main manifestation is hemody-
namical instability with LCOS [64]. Risk 
factors include ischemia–reperfusion, immuno-
sensitization, elevated PVR, and blood group 
incompatibility. Hyperacute humoral rejection 
is infrequent, but it can be very severe. It is 
related to the presence of previously formed 
antibodies against the donor [the ABO system, 
human leukocyte antigens (HLA), or endothe-
lium], and can be caused by ABO-incompatible 
transplantation or pre-transplant panel reactive 
antibodies. Treatment is difficult and is based 
on hemodynamic support with vasoactive and 

Table 45.13  Our immunosuppression protocol

A) Induction (preoperatively)
Prednizolone (10–15 mg/kg iv bolus; usually total 1000 mg)
Basiliximab (20 mg iv infusion/3 h)
Mycophenolate (10–20 nmg/kg oral; usually total 1000 nmg)
B) Post-surgery (during surgery, after cross-clamping)
rATG (1–1.5 mg/kg infusion in 8 h; usually total 100 mg)
C) Maintenance (during postoperative hospitalization)
Cyclosporine (2 × 50 mg oral, increasing by 50 mg/daily until target blood level: 250–300 ng/mL) or [Tacrolimus 
(2 × 0.5 mg oral, increasing by 0.5 mg/daily until target blood level: 8–10 ng/mL)]
Mycophenolate (2 × 500 mg oral, increasing by 250 mg/daily until target blood level: 1–3 ng/mL)
Everolimus (2 × 0.5 mg oral, increasing by 0.25 mg/daily until target blood level: 6–8 ng/mL)
(with/without Prednisolone 1 mg/kg oral, decreasing by 4 mg/daily until 2 × 4 mg)
D) Maintenance (after discharge)
Immunosuppressive Total dose Dosage Target blood level Duration
Cyclosporine 2–4 mg/kg/day 2 × 1/day 250–300 ng/mL <6th month

200–250 ng/mL 6–12th month
<200 ng/mL >12th month

or Tacrolimus 0.05–0.1 mg/kg/day 2 × 1/day 8–10 ng/mL <3rd month
5–8 ng/mL >3rd month

Mycophenolate 10–20 mg/kg/day (max 2000 mg) 2 × 1/day – Life-long
Everolimus 1–2 mg/day 2 × 1/day 6 ± 1 ng/mL Life-long
Prednisolon 4 mg 1 × 1 /day –  <6 months
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inotropic drugs with or without mechanical cir-
culatory assistance devices.

Primary lung allograft failure develops in at 
least one-third of LTx recipients within 1 year 
post-transplantation. Acute rejection, although 
rarely a direct cause of death, is the principal risk 
factor for chronic rejection, which is the greatest 
risk to long-term survival [65]. Acute cellular 
rejection is defined as perivascular or peribron-
chiolar lymphocytic infiltrates in the absence of 
infection; it is diagnosed primarily by broncho-
scopic transbronchial biopsies. There is a strong 
correlation between the severity and frequency of 
acute cellular rejection and the risk of developing 
bronchiolitis obliterans syndrome. Acute humoral 
rejection remains poorly defined but is thought to 
involve anti-donor antibodies or allograft dys-
function; there is also pathological evidence of 
associated lung tissue injury or the deposition of 
complement.

45.7.2	 �Rejection

The main risk factor for impaired early- and 
long-term survival is rejection of the transplanted 
heart. Classically, there are three types of rejec-
tion: hyperacute, cellular and humoral. 
Hyperacute rejection is the main cause of early 
allograft failure, occurring within minutes to sev-
eral hours after transplantation. Acute cellular 
rejection is the most frequent type of rejection in 
the first 6  months and is characterized by the 
presence of inflammatory cells in the myocar-
dium. It is classified into four grades, 0R to 3R; 
grades 2R and 3R both require additional immu-
nosuppressive treatment (corticosteroids and/or 
antilymphocyte antibodies). Acute humoral 
rejection is mediated by antibodies against the 
vascular endothelium of the allograft (mainly 
anti-HLA) and usually develops in patients who 
have become allosensitized (through exposure to 
transfusion, gestation, transplantation, or circula-
tory assistance devices). The true incidence of 
humoral rejection is estimated to be approxi-
mately 10–15% at the end of the first year post-
transplantation. It is associated with worse 
clinical progress and requires aggressive therapy 
with corticosteroids, antilymphocyte antibodies, 

immunoglobulin, plasmapheresis, and drugs that 
block the production of antibodies by B lympho-
cytes (rituximab, bortezomib, or eculizumab).

45.7.3	 �Late Graft Failure

Cardiac allograft vasculopathy is the primary 
cause of late mortality more than 1  year after 
HTx, with an incidence rate of 8% in the first 
year, 30% at 5 years, and 50% at 10 years. There 
are several risk factors: the donor’s age, the pres-
ence of anti-HLA antibodies, cytomegalovirus 
infection, dyslipidemias, diabetes mellitus, obe-
sity, and smoking. The pathology has an athero-
sclerotic, obliterative, and diffuse nature with a 
faster rate of progression than primary coronary 
artery disease. It usually involves the entire coro-
nary artery territory, including the intramyocar-
dial arterioles. The main characteristics of its 
vasculopathy are smooth muscle cell prolifera-
tion, concentric intimal hyperplasia without cal-
cification, perivascular infiltration, and the loss of 
endothelial continuity. Early symptoms usually 
include the typical clinical manifestations of ath-
erosclerosis (arrhythmia, heart failure, and sud-
den death), but not angina pectoris because of the 
denervated allograft. Coronary angiography is 
the first choice for diagnosing this pathology and 
percutaneous revascularization the preferred 
treatment option [66]; however, heart re-
transplantation is the only definitive therapy.

Chronic lung allograft dysfunction has two 
phenotypes: bronchiolitis obliterans and restric-
tive allograft syndrome. Whether obstructive or 
restrictive, chronic lung allograft dysfunction is 
defined as a persistent, mostly irreversible, pro-
gressive and obstructive decline in pulmonary 
function after LTx (>20% decline in FEV1 and/or 
FVC). It affects about 50% of recipients within 
5 years postoperatively [67]. Radiologic findings 
typically demonstrate air trapping, mosaic atten-
uation, and hyperinflation. Pathologic examina-
tion reveals obliterative bronchiolitis lesions and 
pure obliteration of the small airways (<2 mm), 
with a relatively normal surrounding parenchyma 
and a damage-inducing epithelial repair response 
with activation of inflammatory and non-
inflammatory mediators, leading to fibrosis [68].
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45.7.4	 �Infection

Opportunistic infections are the second most fre-
quent cause of mortality during the first year after 
transplant, accounting for 12% of deaths in the 
first 30  days and 29% between 1  month and 
1 year. In the first 6 months, infections are mostly 
of bacterial origin related to hospital flora; after 
that, extra-hospital agents are more frequent. The 
lungs and urinary tract are the most common sites 
of infection during the first year [69].

45.7.5	 �Right Heart Failure

The most important cardiac dysfunction is RVF 
secondary to elevated right ventricular afterload 
(systolic PAP >60 mmHg, PVR >5 Wood units, 
and TPG  >15  mmHg), which is characterized 
with hypoxia, acidosis and LCOS.  It develops 
immediately after the discontinuation of CPB 
due to mechanical causes (such as anastomotic 
torsion or angulation of the PA), protamine reac-
tion or gas embolism, or sinus node dysfunction. 
Right heart dysfunction accounts for up to 50% 
of all cardiac complications after HTx and almost 
20% of deaths in the early postoperative period. 
Temporary RHF can usually be treated using 
simple treatment modalities such as optimization 
of the right ventricular preload, reduction of PVR 
(using nitroprusside, nitric oxide, prostacyclin, 
and sildenafil), augmentation of myocardial con-
tractility (with milrinone, dobutamine, adrena-
line, and isoproterenol), and procuration of heart 
rhythm (by atrio-ventricular pacing). If these 
approaches are not effective, mechanical ventila-
tion to avoid hypoxia and elevated ventilatory 
pressures and/or mechanical circulatory support 
devices should be considered.

45.7.6	 �Neoplasms

Neoplastic disease can arise in the years following 
transplantation as a result of immunosuppressive 
medication, viral infections (with the Epstein–Barr 
virus, human herpes virus, human papilloma virus, 
hepatitis B and C viruses, etc.), or a preexisting 

malignancy. Chronic immunosuppression is asso-
ciated with an increased incidence of malignancy 
(<5% during the first year, thereafter 4–18%). The 
most common malignancies are lymphoprolifera-
tive disorders and skin carcinoma [70].

Conclusion
Patients with dominant right ventricular fail-
ure referred to heart transplantation usually 
suffer from the left-sided heart failure, pri-
mary pulmonary hypertension, and congenital 
heart diseases; however, the frequency of iso-
lated right heart failure with structural abnor-
malities has also been increasing recently. 
Biomechanical and biotechnological advance-
ment in long-term ventricular assist devices 
may prolong survival and improve the quality 
of life; however, although mechanical circula-
tory support technology is improving, trans-
plantation remains the sole effective treatment 
for irreversible right heart pathologies.
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RVADs
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Abstract

Heart failure is the basic and featured patho-
logic leading cause of death. From a clinical 
perspective, the most important objectives in 
caring for heart failure patients are diagnosis 
of the underlying mechanism and delivery of 
appropriate, effective treatment. In the major-
ity of cases, the left ventricle is affected but 
the right ventricle functions normally until the 
end stage. Right ventricular failure (RVF) 
results from weakening of the right ventricular 
structures and/or by an increase in pulmonary 
vascular resistance. Post-implant RVF, a third 
type has been recognized in the last two 
decades. Right ventricular failure results in 
poor filling of the left ventricle and poor out-
put, often necessitating additional right ven-
tricular support in the form of inotropes or a 
mechanical right ventricular assist device 
(RVAD). Temporary mechanical support 
devices increase pulmonary blood circulation 
with or without extracorporeal oxygenation to 
provide adequate cardiac output. The pre-
ferred approach is to insert a temporary 
mechanical support device in percutaneous 
va-ECCPS configuration for acute RVF in the 
intensive care unit or in surgical vp-ECCS 

configuration for post-implant RVF in the 
operating room. For longer use, right ventricu-
lar or biventricular assist devices are used to 
provide circulatory support. Permanent 
RVADs provide a parallel or series artificial 
circulation to substitute for failed ventricles or 
they take over completely the pump function 
of a resected heart. Short-term RVADs are 
extracorporeal or paracorporeal pumps located 
outside the body, whereas durable RVADs are 
implanted inside the body. A novel develop-
ment will be a true artificial heart without a 
need for anticoagulants; however, heart trans-
plantation is still the gold standard for curative 
treatment.

Keywords

Mechanical circulatory support · Right heart 
failure · Extracorporeal membranous oxygen-
ation · Extracorporeal circulatory support · 
Extracorporeal cardiopulmonary support · Left 
ventricular bypass · Right ventricular bypass · 
Biventricular bypass · Kırali circuit · Total arti-
ficial heart · Right ventricular assist device

46.1	 �Introduction

Heart failure (HF), particularly left heart failure 
(LHF), is the basic and featured pathologic leading 
cause of death worldwide and accounts for increas-
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ingly large health care expenditures. From a clini-
cal perspective, the most important objectives in 
caring for HF patients are diagnosis of the underly-
ing mechanism and delivery of appropriate, effec-
tive treatment. Heart transplantation (HTx) remains 
the gold standard for curative treatment. In the 
majority of cases, the left ventricle (LV) is affected 
(causing LHF), but the right ventricle (RV) func-
tions normally until the end stage of the pathology. 
In cases of right heart pathology or end-stage LHF, 
right ventricular failure (RVF) results from weak-
ening of the right ventricular structures and/or by 
an increase in pulmonary vascular resistance 
(PVR). Right heart failure (RHF) can occur from 
primary right heart pathologies (e.g., congenital 
heart diseases, arrhythmogenic right ventricular 
dysplasia, right-sided valvular pathologies) or 
develop secondary to severe pulmonary arterial 
hypertension (PAH) caused by lung pathologies or 
LHF. Post-implant RVF, a third type of RHF type 
has been recognized in the last two decades (see 
Chap. 47). Several types of left ventricular assist 
device (LVAD) have been developed to maintain 
the cardiac cycle by continued drainage of the 
intercavitar ventricular blood volume into the arte-
rial circulation. If the right heart cannot adapt to 
this nonphysiologic change, LVAD complications 
may arise, the most serious of which is newly 
developed or continued deterioration of RVF. This 
condition increases postoperative mortality and 
morbidity, end-organ dysfunction due to severe 
congestion (coagulopathy, malnutrition, renal and 
hepatic dysfunctions, edema, ascites, anasarca), the 
duration of hospitalization, and decreases the suc-
cess of “bridge to HTx” therapy. The increasing 
number of LVAD implantations makes RVF a more 
common and challenging problem in HF clinics. 
Predicting post-implant RVF in LVAD patients 
becomes much more important because of the 
complex pathophysiology of post-operative RVF.

According to the International Right Heart 
Foundation Working Group, RHF is “a clinical 
syndrome due to an alteration of structure and/or 
function of the right heart circulatory system that 
leads to suboptimal delivery of blood flow (high 
or low) to the pulmonary circulation and/or ele-
vated venous pressures—at rest or with exercise” 
[1]. The definition of RHF thus includes a dys-

function in any of the components of the right 
heart circulatory system, from systemic veins 
(post-systemic capillaries) to pulmonary arterial 
branches (pre-pulmonary capillaries). Post-
implant RVF is defined by the Interagency 
Registry of Mechanically Assisted Circulatory 
Support (INTERMACS) as “symptoms and signs 
of persistent right ventricular dysfunction, cen-
tral venous pressure >18 mmHg with a cardiac 
index <2.3 L/min/m2 in the absence of elevated 
left atrial pressure or pulmonary capillary wedge 
pressure (>18 mmHg), tamponade, ventricular 
arrhythmias or pneumothorax; or requiring right 
ventricular assist device implantation; or requir-
ing inhaled nitric oxide or inotropic therapy for a 
duration of more than one week at any time after 
LVAD implantation.”

Left heart failure symptoms and concomitant 
RHF can be ameliorated by cardiac output pro-
vided by an LVAD. Increased stroke volume by 
the LVAD and ventricular unloading result in 
decreased mitral regurgitation and left ventricular 
end-diastolic pressure. Decreased pulmonary 
capillary wedge pressure (PCWP) and pulmo-
nary arterial pressure (PAP) diminish the right 
ventricular afterload, improving right ventricular 
function. On the other hand, increased cardiac 
output lead to a much greater volume of venous 
return to the RV, where volume overloading may 
trigger distension of right ventricular myofibrils 
and tricuspid valve incompetence, resulting in 
RHF.  Another cause for LVAD-related RHF is 
excessive unloading of the LV, causing a left-
sided shift of the interventricular septum that can 
increase tricuspid regurgitation (TR) and cause 
progressive right ventricular dilation. Right ven-
tricular dysfunction results in poor filling of the 
LV and poor LVAD output, often necessitating 
additional right ventricular support in the form of 
inotropes or a mechanical right ventricular assist 
device (RVAD). Optimal patient and device 
selection depends on the ability to predict which 
patients will tolerate isolated LVAD support. 
Several studies define preoperative risk factors 
and risk calculators for RVF development and 
optimal treatment strategies (Table  46.1) [2–6]. 
Individual risk scoring systems have been devel-
oped to identify independent predictors of post-
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Table 46.1  Risk scores for post-implant RVF

1. Michigan RVF risk score

Matthews et al. [2] (RVF rate: 35% in 197 patients) evaluated over 80 pre-operative variables in LVAD patients to 
identify independent predictors of RVF, and all variables (i.e., clinical, echocardiographic, laboratory, and 
hemodynamic) with a univariable p ≤ 0.1 for predicting RVF were entered into multivariable analyses. Remaining 
independent (p ≤ 0.1) predictors of RVF were selected as the components of the RVF risk score. The score is 
calculated as the sum of the points awarded for the presence of each of the 4 pre-operative variables.

For each variable, if patients meet the “high-risk” criterion they are assigned with the score; if patients meet the 
“low-risk” criterion for a particular variable they are assigned a score of 0.

A threshold value of 5.5 (with a score <3 predicting successful LVAD support, and >5.5 predicting BiVAD) has an 
80% positive predictive value of RV failure in LVAD candidates, reports an overall sensitivity of only 35%.

Variable OR (95%) Cut-off level Point

Vasopressor requirement 3.9 (1.5–9.8) + 4

Creatinine or dialysis 2.9 (1.1–7.7) ≥2.3 mg/dL 3

Bilirubin 2.4 (1.1–5.2) ≥2 mg/dL 2.5

AST 2.1 (0.96–4.5) ≥80 IU/L 2

Risk score RVF likelihood 
ratio (95% CI)

≤3 0.49 (0.37–0.64)

4–5 2.8 (1.4–5.9)

≥5.5 7.6 (3.4–17.1)

2. Pennsylvania RVF risk score-1

Fitzpatrick et al. [3] (RVF rate: 37% in 266 patients) evaluated 23 pre-operative variables in LVAD patients to 
identify independent predictors of RVF, and all variables (i.e., clinical, laboratory, and hemodynamic) with a 
univariable p ≤ 0.05 for predicting RVF were entered into multivariable analyses. Remaining independent 
(p ≤ 0.05) predictors of RVF were selected as the components of the RVF risk score.

For each variable, if patients meet the “high-risk” criterion they are assigned with the score; if patients meet the 
“low-risk” criterion for a particular variable they are assigned a score of 0. The maximum possible score is 98, and 
the threshold is 50 points.

A threshold of 50 points (with a score <50 predicting successful LVAD support, and ≥50 predicting need for 
BiVAD), achieves sensitivity of 83% and specificity of 80%.

Variable OR (95% CI) Cut-off level Score

CI 5.7 (1.3–24.4) ≤2.2 L/min/m2 18

RVSWI 5.1 (2.1–12.2) ≤0.25 mmHg × L/
m2

18

Preoperative severe RVD 5 (2–12.5) + 16

Preoperative creatinine 4.8 (1.9–12) ≥1.9 mg/dL 17

Previous cardiac surgery 4.5 (1.7–11.8) + 16

Systolic blood pressure 2.9 (1.2–6.9) ≤96 mmHg 13

Risk score Prediction

< 30 LVAD

< 50 LVAD

≥ 50 BiVAD

≥ 65 BiVAD

3. Pennsylvania RVF risk score-2 (the CRITT score)

Atluri et al. [4] (RVF rate: 23% in 167 patients) evaluated 50 pre-operative variables in LVAD patients to identify 
independent predictors of RVF, and all variables (i.e., clinical, laboratory, echocardiographic, and hemodynamic) 
with a univariable p ≤ 0.05 for predicting RVF were entered into multivariable analyses. Remaining independent 
(p ≤ 0.05) predictors of RVF were selected as the components of the RVF risk score.

For each variable, if patients meet the criterion for a particular variable they are assigned with the score of 1; if 
patients do not meet the criterion they are assigned a score of 0.

(continued)
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Table 46.1  (continued)

The CRITT score demonstrates a sensitivity of 87%, specificity of 75%, and negative predictive value of 93% for 
continuous flow LVADs.

Variable OR (95% CI) Cut-off level Score

CVP 2.0 (0.9–4.2) >15 mmHg 1

RVD (severe) 3.7 (1.7–8.1) + 1

Intubation (mechanical ventilation) 4.3 (1.9–9.6) + 1

TR (severe) 4.1 (1.4–12.4) + 1

Tachycardia 2.0 (0.9–4.3) HR > 100 beats/min 1

Risk score Prediction Sensitivity + Specificity + (−)
PV

≤ 1 LVAD 87% 75% 93%

2–5 Grey zone 84% 63% 93%

≥ 4 BiVAD

4. Utah RVF risk score

Drakos et al. [5] (RVF rate: 44% in 175 patients) each of the 8-perioperative variables.

Variable Cut-off level Score

PVR

 � Quartile 1 ≤1.7 wood 1

 � Quartile 2 1.8–2.7 wood 2

 � Quartile 3 2.8–4.2 wood 3

 � Quartile 4 ≥4.3 wood 4

IABP + 4

Destination therapy + 3.5

Inotrop dependency + 2.5

ACEI and/or ARB + 2.5

ß-blocker + 2

Obesity + 2

Risk score Risk for RVF Prediction

≤5 Mild LVAD

5.5–8 Moderate LVAD

8.5–12 Moderate–high Grey zone

≥12 High BiVAD

5. Pittsburgh RVF risk score (Pittsburgh decision tree)

Wang et al. [6] (RVF rate: 15% in 183 patients) evaluated 39 pre-operative variables in LVAD patients to identify 
independent predictors of RVF, and all variables (i.e., clinical, laboratory, and hemodynamic) were compared 
between RVAD (+) and RVAD (−) groups. Pearson product-moment pairwise analysis identified 2 variables that 
were significantly positively correlated with the need of post-RVAD individually: Female sex and elevated WBC 
count.

Variable OR (95% CI) Cut-off level

Sex 0.21 (0.07–0.35) Female

WBC count 0.18 (0.04–0.32) ≥9500 109/L

In this model, TPG is the initial splitting feature with a breakpoint of 7 mmHg. The branch of TPG ≤ 7 mmHg 
predicts no need of RVAD support; and the branch of TPG > 7 mmHg leads to age as the secondary splitting feature 
with a breakpoint of 59. On the third level, there exist different thresholds of RAP depending on age: 18 mmHg 
(≤59 years), 10 mmHg (>59 years). The tree eventually terminates in a total of 14 leaves representing one of two 
outcomes (RVAD− or RVAD+). This model indicates that elevated INR and/or WBC are common to the branches 
with increased risk of the need of RVAD support. This model achieved 85% sensitivity, 83% specificity
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implant RVF [7, 8]. However, the current systems 
have only modest properties for RVF prediction 
after LVAD implantation. New RVF prediction 
scoring systems must be developed and validated 
for patient selection to optimize LVAD outcomes, 
potentially incorporating pre-operative echocar-
diographic data and reflecting contemporary 
patient characteristics, in studies using 
continuous-flow LVAD cohorts with a higher 
proportion of destination therapy cases [9–11].

Right ventricular failure has a specific patho-
physiologic algorithm (Fig.  46.1). Increased 

afterload due to pressure overload of the pul-
monary circulation prolongs systolic contrac-
tion of the RV.  However, the RV is able to 
tolerate an increased preload due to volume 
overload. In the early phase of RVF, wall thick-
ening and increased contractility are the first 
important responses of pressure overload, 
which causes adaptive remodeling with concen-
tric hypertrophy and preserved right ventricular 
function. In chronic, higher afterload states, 
myocardial contractility is advanced yet the 
right ventricular functions decrease proportion-

Table 46.1  (continued)

Decision tree parameters (8 parameters)

Transpulmonary gradient; age; right atrial pressure; international normalized ratio; heart rate; white blood cell 
count; alanine aminotransferase; the number of inotropic agents

6. Tokyo (Todai) RVF risk score (the TRV score)

Shiga et al. [7] (RVF rate: 37% in 197 patients) evaluated 32 pre-operative variables in LVAD patients to identify 
independent predictors of RVF, and all variables (i.e., clinical, laboratory, and hemodynamic) with a univariable 
p ≤ 0.05 for predicting RVF were selected as the components of the RVF risk score.

For each variable, if patients meet the “high-risk” criterion they are assigned with the score; if patients meet the 
“low-risk” criterion for a particular variable they are assigned a score of 0. The maximum possible score is 45, and 
the threshold is 20 points.

A threshold of 20 points (with a score > 20 predicting need for BiVAD), achieves sensitivity of 80% and specificity 
of 80%.

Variable OR (95% CI) Cut-off level Score

LVEDD 12.8 (1.4–118.4) ≤62 mm 13

CVP/PCWP 11.39 (1.2–111.4) ≥0.5 11

BNP 8.4 (0.9–76.7) ≥1200 pg/dL 8

BSA 7.3 (1.2–43.9) ≤1.40 m2 7

CHDF 6 (1–34) + 6

Risk score Prediction

≤20 LVAD

>20 BiVAD

7. Harefield RVF risk score

Patil et al. [8] (RVF rate: 23% in 152 patients) evaluated 57 pre-operative variables in LVAD patients to identify 
independent predictors of RVF, and all variables (i.e., clinical, laboratory, echocardiographic, and hemodynamic) 
with a univariable p ≤ 0.1 for predicting RVF were entered into multivariable analyses. Remaining independent 
(p ≤ 0.05) predictors of RVF were selected as the components of the RVF risk.

The TAPSE <12.5 mm score demonstrates a sensitivity of 84% and specificity of 75% for post-implant RVF.

Variable OR (95% CI) Cut-off level

TAPSE 0.6 (0.4–0.9) <12.5 mm

LAD 0.8 (0.7–0.9) +

ACEI angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker, BiVAD biventricular assist device, 
BNP brain natriuretic peptide, BSA body surface area, CHDF continuous hemofiltration, CI cardiac index, CVP central 
venous pressure, HR heart rate, IABP intra-aortic balloon pump, INR international normalized ratio, LAD left atrial 
diameter, LVAD left ventricular assist device, LVEDD left ventricular enddiastolic diameter, OR Odds ratio for multi-
variance analysis, PCWP pulmonary capillary wedge pressure, RAP right atrial pressure, RVAD right ventricular assist 
device, RVD right ventricular dysfunction, RVF right ventricular failure, RVSWI right ventricle stroke work index, 
TAPSE tricuspid annular plane systolic excursion, TPG transpulmonary gradient, WBC white blood cell
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ally, and the contractile dysfunction occurs 
later in the process. This remodeling process is 
sustained by the contribution of neurohor-
monal, genetic, and molecular components. 
Meanwhile, the RV dilates to provide adequate 
stroke volume, but this counter-effect leads to 
tricuspid annular dilatation, valve coaptation 
defect, and, eventually, significant TR.  This 
process triggers maladaptive remodeling that 
causes eccentric hypertrophy and deteriorated 
right ventricular function. At the beginning of 
left ventricular diastole, the RV is contracting 
and the interventricular septum moves left-
wards causing ventricular dyssynchrony. 
Ventricular dyssynchrony accelerates RVF or 
biventricular failure, with several fatal compli-
cations, including arrhythmia, hepatorenal fail-
ure, protein-losing enteropathy, and cardiac 
cachexia. Because RHF is a serious health issue 
causing poor quality of life, most of patients 
with uni- or biventricular HF are in the initial 
phase of the pathology allowing for successful 
medical intervention with newly developed 
agents and therapies to improve their quality of 
life. Advanced HF is usually treated, healed, 
and stabilized by pharmacologic and/or 
mechanical hemodynamic support, but end-
stage HF is characterized by an increasing fre-
quency of intervals of decompensation, 
re-hospitalization, and interventive therapy.

46.2	 �Mechanical Support 
of the RV

Acute RVF is an increasingly common clinical 
problem associated with significant morbidity and 
mortality. Acute exacerbations or decompensated 
end-stage HF patients should be hospitalized and 
treated more aggressively with intravenous ino-
tropes, vasodilators, diuretics, and, if necessary, 
temporary mechanical support devices. Because 
the RV exhibits a greater capacity (up to 75%) for 
rapid recovery than the LV, refractory post-cardi-
otomy or post-transplant RVF should be managed 
using a temporary right ventricular assist device 
(RVAD) when optimal medical management has 
failed [12]. After stabilization of end-stage HF 
patients, they will be treated using a permanent 
RVAD or HTx if right ventricular recovery does 
not occur. Paracorporeal RVADs can be used for 
weeks or even months, but they are only approved 
for up to 4 weeks of use [13]. These devices can 
be combined easily with oxygenators when 
needed. If right ventricular function is not 
restored, the insertion of implantable continuous-
flow ventricular assist devices is more effective in 
rare cases. Circulatory supports are categorized 
according to the involved cardiac chambers and 
lungs (Table  46.2). The principle function of 
mechanical support devices is very simple: to 
suck up circulatory blood and eject it into the sys-

prolonged isovolemic contraction

increased myocardial
wall stress

RVH

shift of the IVS LVF

RV ischemia

RVF

decreased RCA perfusion

increased RV afterload RVD TRFig. 46.1  Right 
ventricular 
pathophysiologic 
algorithm. IVS 
interventricular septum, 
LVF left ventricular 
failure, RCA right 
coronary artery, RV right 
ventricle, RVD right 
ventricular dysfunction, 
RVF right ventricular 
failure, RVH right 
ventricular hypertrophy, 
TR tricuspid 
regurgitation
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temic or pulmonary arterial circulation. The inflow 
cannula (temporary) or inlet pipe (permanent) is 
inserted into the related ventricle, and the outflow 
cannula (temporary) or outlet graft (permanent) is 
connected to the ventricle-associated main artery.

These devices have two different types of 
action: counterpulsatile or continuous flow. 
Counterpulsatile devices have a blood-compatible 
chamber and a moveable diaphragm that sepa-
rates the chamber into blood and air spaces. The 
blood space is connected to the aorta or main pul-
monary artery (PA) through a graft reinforced 
with a prosthetic valve. The air space is con-
nected to a compressor console that provides 
power for counterpulsation through inflation and 
deflation. Devices working with nonpulsatile 
flow have a blood-compatible compartment and a 
frictionless, turnable rotor that directs the input 
flow to the related circulation. Continuous flow is 
the preferred approach, and is provided by one of 
two types of devices: extracorporeal or intracor-
poreal. These devices are designed to be small in 
through the use of two separate pump mecha-
nisms: axial flow pumps with a pump rotor paral-
lel to the blood path and centrifugal pumps with 
an impeller rotor perpendicular to the blood path. 
The rotor is magnetically levitated, and rotation 

is achieved without friction or wear, thus mini-
mizing blood trauma, mechanical failure, and 
heat generation.

Designed to assist the native heart, mechanical 
support devices are differentiated according to 
the implant duration (short-term <10 days; mid-
term 10–90  days; long-term >90  days); indica-
tion [temporary (bridge therapy) versus 
permanent (destination therapy)]; type (cardio-
pulmonary versus circulatory); approach (percu-
taneous versus surgical); location (extracorporeal 
versus intracorporeal); flow characteristic (pulsa-
tile versus continuous); pump mechanism (vol-
ume displacement, axial, centrifugal); and the 
ventricle(s) supported (left, right, biventricular).

46.2.1	 �Temporary Mechanical 
Support

Temporary mechanical support devices increase 
pulmonary arterial blood circulation with or with-
out extracorporeal oxygenation to support ade-
quate right-sided cardiac output, which acts as a 
parallel artificial circulation to the physiologic 
circulation pattern (Table  46.3). These devices 
can successfully assist bridging to HTx or right 

Table 46.2  Definitions of t-MCS

I- Ventricular contribution: To decrease ventricular unloading and work index

  Ventricular assist: Ventricular unloading through ventricular cavity directly (after atrioventricular 
valve; series circulation)

  Ventricular support: Ventricular preloading through atrial cavity (before atrioventricular valve; 
parallel circulation)

II-Cardiac relinquishment

A. ECCS without external 
oxygenator:

To circulate blood out-of-heart

 � aa-ECCS (lv-bypass): atrio-arterial circulatory support without external oxygenation

 � vp-ECCS (rv-bypass): veno-pulmonary circulatory support without external oxygenation

 � bv-bypass: combined

B. ECCS with external 
oxygenator:

To circulate and oxygenate blood out-of-heart

 � va-ECCPS (va-ECMO): veno-arterial circulatory support with external oxygenation

 � va-a-ECCPS (va-a-ECMO): venoatrial-arterial circulatory support with external oxygenation

 � aa-ECCPS (aa-ECMO): atrio-arterial circulatory support with external oxygenation

 � vp-ECCPS (vp-ECMO): veno-pulmonary circulatory support with external oxygenation

BV biventricular, ECCPS extracorporeal cardiopulmonary support, ECCS extracorporeal circulatory support, ECMO 
extracorporeal membranous oxygenation, LV left ventricular, t-MCS temporary mechanical circulatory support, RHF 
right heart failure, RV right ventricular
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ventricular recovery in patients with post-implant, 
post-cardiotomy, or post-transplant RVF with evi-
dence of improved hemodynamic stability. 
However, there is no clear evidence of the benefit 
of using an RVAD for any patient group because 
of the high mortality and morbidity rates. 
Therefore, RVADs must be carefully considered 
on an individual patient basis [14]. Because 
patients requiring temporary mechanical support 
with or without an external oxygenator for RHF 
are extremely ill and often suffer from multiple 
organ failure, the ideal device should be easy to 
implant and explant, provide adequate flow, and 
require minimal anti-coagulation. Two dominant 
approaches are used to support the failed RV: (1) 
va-ECMO, the preferred approach in emergency 
situations, particularly in the intensive care unit 
(ICU) or catheter laboratory; and (2) vp-ECCS, 

the preferred approach in all other cases and for 
intraoperative use as this method provides a more 
physiological transpulmonary blood flow and pre-
vents left ventricular upload [15].

46.2.1.1	 �Temporary Mechanical 
Cardiorespiratory Support 
(t-MCRS for RHF)

Insufficient oxygenation by the lungs necessi-
tates the use of an external oxygenator. Temporary 
mechanical cardiorespiratory support (t-MCRS) 
devices are designed to rapidly reestablish ade-
quate organ perfusion and oxygenation. 
Univentricular t-MCRS is the most common 
approach to maintaining adequate right-sided 
cardiac output and oxygenation in the presence 
of severe RVF complicated with respiratory fail-
ure. However, biventricular t-MCRS may be the 

Table 46.3  t-MCS strategies for RHF

t-MCS 
strategies

Ventricular 
bypass Type Establishment between Approach

A. ECCPS (with ECMO)

va–ECCPS bv-bypass veno-aortic
veno-arterial

RA − Ao
(femoral and/or right jugular 
vein) − (left subclavian or femoral 
artery)

Sternotomy (median 
full/reverse T mini)
Peripheral 
percutaneous

va-a–ECCPS bv-bypass biatria-aortic
venoatrio-aortic
venoatrio-arterial

(RA + LA) – Ao
(femoral vein + LA) −  Ao
(femoral vein + LA) −  (femoral or 
left subclavian artery)

Sternotomy (median 
full/reverse T mini)
Peripheral 
percutaneous

aa–ECCPS lv-bypass atrio-aortic
atrio-arterial

LA −  Ao
LA −  (left subclavian or femoral 
artery)

Sternotomy (median 
full/reverse T mini)
Peripheral 
percutaneous

vp–ECCPS rv-bypass atrio-pulmonaric
venopulmonaic

RA −  PA
(femoral and/or jugular vein) −  PA

Sternotomy (median 
full/reverse T mini)
Peripheral 
percutaneous

B. ECCS (without ECMO)

lv–ECCS 
(aa–ECCS)

lv-bypass atrio- or 
ventriculo-aortic
atrio- or 
ventriculo-arterial

(LA or LV) −  Ao
(LA or LV) −  (left subclavian or 
femoral artery)

Sternotomy (median 
full/reverse T mini)
Mini-thoracotomy

rv–ECCS 
(vp–ECCS)

rv-bypass atrio-pulmonic
veno-pulmonic

RA − PA
(femoral and/or jugular vein) −  PA

Sternotomy (median 
full/reverse T mini)

bv–ECCS bv-bypass Separately lv- and 
rv-ECCS

Combined

ECCPS extracorporeal cardiopulmonary support, ECCS extracorporeal circulatory support, ECMO extracorporeal 
membranous oxygenation, t-MCS temporary mechanical circulatory support, RHF right heart failure
bv biventricular, lv left ventricular, rv right ventricular
Ao aorta, LA left atrium, LV left ventricle, PA pulmonary artery, RA right atrium
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preferred approach in the presence of significant 
LVF complicated with respiratory failure.

Cardiopulmonary Bypass (CPB for RHF)
The initial approach to life-supportive is cardio-
pulmonary bypass (CBP) using a roller or cen-
trifugal pump for circulatory assistance and an 
oxygenator for respiratory reinforcement during 
open-heart surgery. Failure to wean from bypass 
after cardiac procedures prolongs the need for 
circulatory support via CPB.  Because this 
approach is not suitable for short-term circula-
tory support or longer, CPB is used only for 
ultrashort-term (<1  day) circulatory assistance. 
Even with very short use of this extracorporeal 
circulation, serious side effects may arise includ-
ing hemolysis, air embolism, generalized inflam-
matory reactions, and bleeding. In addition, lung 
injury is inevitable during CPB support because 
it causes increased pulmonary capillary permea-
bility, interstitial lung fluid, and adverse inflam-
matory responses.

Extracorporeal Cardiopulmonary Support 
(t-ECCPS for RHF)
The term of these supports is accepted world-
wide as extracorporeal membranous oxygen-
ation (ECMO). However, when used for 
treatment in decompensated end-stage HF, the 
accurate term is extracorporeal cardiopulmonary 
support (ECCPS). In addition, the term “extra-
corporeal life support” (ECLS) describes similar 
support used during acute cardiogenic shock 
[16]. The main aim of ECCPS is to provide sal-
vage therapy until recovery in patients with RHF 
and respiratory failure. An oxygenator is inserted 
into the extracorporeal circuit for gas exchange 
before return of the patient’s venous blood, 
which is driven by a centrifugal pump, to the 
patient’s pulmonary arterial circulation. If pul-
monary functions are sufficient or pulmonary 
recovery occurs during t-ECCPS, the external 
oxygenator is not necessary and must be discon-
nected from the circuit. As ECMO offers pro-
longed cardiopulmonary support by way of a fast 
and simple surgical procedure, it is an option in 
almost all types of cardiopulmonary failure, 
including complex congenital cardiac anoma-

lies, post-cardiotomy cardiogenic shock, and 
RHF for any reason. For patients with RHF, both 
veno-arterial (va) and veno-pulmonary arterial 
(vp) ECMO are potential alternatives. If the 
pathology affects the contractility of the RV, vp–
ECMO can provide adequate hemodynamics. 
However, if the pathology involves the pulmo-
nary arteries (like pulmonary hypertension or 
embolism) va–ECMO may provide better results 
[17, 18]. Post-implant RVF is a novel indication 
for vp–ECMO, and its use is growing with the 
increasing number of continuous-flow LVAD 
implantations. As new-generation LVADs are 
too large for young children, ECMO is the most-
used circulatory support system in pediatric 
applications, particularly as a bridge to HTx. 
However, the mortality rate for patients younger 
than 18  years bridged to HTx using ECMO is 
over 50% with the worst outcome for those on 
ECMO for more than 28 days [19].

TandemHeart, Centrimag, Rotaflow, and other 
extracorporeal rotary pumps can be converted to 
ECMO in cases requiring concurrent respiratory 
support [20]. A hollow-fiber membrane oxygen-
ator with an integrated heat-exchange system 
operated by a centrifugal pump provides circula-
tory, respiratory, and thermatory supports. They 
can be instituted via central or peripheral cannu-
lation depending on the patient’s clinical condi-
tion. Peripheral vp–ECMO may be preferred for 
patients who are in the ICU because it is fast and 
simple. This method uses an outflow cannula 
inserted through the right jugular vein into the PA 
and an inflow cannula inserted through the right 
femoral vein. However, central cannulation is the 
standard and preferred method intraoperatively, 
having a significantly lower incidence of major 
complications. This approach uses (1) an outflow 
cannula inserted through a tubular graft that is 
anastomosed to the PA; the cannula is then taken 
out of the chest through the second intercostal 
space; and (2) a femoral vein inflow cannula. 
After recovery of the RV, both approaches allow 
the patients to be disconnected from vp–ECMO 
in the ICU percutaneously, without opening the 
sternum. The outflow graft is tied and inserted 
into the mediastinum, and the peripheric vein is 
compressed externally to stop the bleeding. 
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t-ECCPS can be configured in several ways 
(Table 46.3).

va–ECCPS (va–ECMO) (biventricular bypass 
circuit) is the conventional ECMO system. This 
system comprises a biventricular bypass circuit 
with a centrifugal pump, which drives blood from 
the patient’s venous circulation through an exter-
nal membrane oxygenator for gas exchange 
before returning to the patient’s systemic arterial 
circulation. Prolonged va–ECMO as a bridge to 
recovery or HTx is not ideal. Thus, va–ECCPS 
should be restricted to <1  week for adults and 
<14 days for children. If longer biventricular and 
respiratory support is needed, this t-MCPS 
approach should be converted to va–a–ECCPS to 
unload the LV.

va–a–ECCPS (va–a–ECMO) (biventricular 
bypass  +  unloading circuit; Kırali circuit) is a 
new-format biventricular assistance circuit 
(Kırali circuit) that includes biatrial drainage 
cannulas and an oxygenator-bypass line (Kırali 
line). This system assists and provides improved 
life-saving HF therapy using a configurable cir-
cuit, starting from the sophisticated immovable 
t-MCPS circuit to the simplest mobile t-MCS cir-
cuit. This system is particularly beneficial for 
biventricular HF patients, who are expected to 
recover the RV and respiratory functions within a 
few weeks. This biventricular unloading circuit 
includes a centrifugal pump that drives blood 
from both atria through an externalized mem-
brane oxygenator for gas exchange before return-
ing to the patient’s systemic arterial circulation. 
This circuit has two venous cannulas: the first is 
inserted percutaneously (a multi-stage venous 
ECMO cannula) into the femoral vein or directly 
(standard venous cannula) into the right atrium 
(RA) for venous drainage; the second, a mallea-
ble one-stage venous cannula is placed into the 
left atrium (LA) to first provide left heart venting 
(drainage) and then left heart bypass (unloading). 
An arterial ECMO cannula is inserted into the 
distal ascending aorta or aortic arch, and the dis-
tal end of the cannula is placed distal to the cere-
bral branches. Both left heart cannulas with the 
RA cannula are taken out below the sternal inci-
sion, and the sternum is closed to prevent bleed-
ing and to allow mobilization. Peripheric venous 

cannulation is the preferred method because 
decannulation of the percutaneously inserted 
femoral venous cannula is easy after brief sup-
port (<1 week). If more time (>1 week) to right 
ventricular recovery is expected, a small drainage 
cannula should be inserted distal to the outflow 
cannula at the femoral vein to prevent peripheral 
venous complications or central venous cannula-
tion through the RA should be preferred. Each 
inflow line has its own tap to allow the with-
drawal of blood samples to follow blood gas con-
tents and pulmonary recovery. In addition, each 
inflow line can be controlled by partial or total 
clamping to manage adequate blood drainage 
from each atrium according to the relative ven-
tricular dysfunction/recovery cascade. Right ven-
tricular recovery is monitored using daily 
echocardiographic examination, and pulmonary 
recovery is followed with periodically blood 
samples taken from the left atrial inflow line.

Weaning from the t-MCPS protocol and con-
verting to t-MCS protocol in end-stage HF patients 
with biventricular failure is easier than the other 
methods and does not require re-opening of the 
sternum or the establishment of a new circuit. The 
time between disconnection steps should be long 
enough to prevent respiratory failure recurrence or 
pulmonary complications. Decannulation of the 
peripheric venous cannula is very simple when the 
right ventricular recovery is completed. During 
this first stage, the circuit is converted to a left 
heart bypass system supported with an external 
oxygenator via removal of the right ventricular 
support (from va–a–ECCPS to aa–ECCPS). After 
pulmonary recovery, the oxygenator could be 
removed from the circuit. Weaning from the exter-
nal oxygenator should be completed in ≥4 days, 
and the oxygenator should remain in the circuit in 
case of unexpected respiratory failure during the 
weaning period. First, the oxygenator bypass line 
is taken over pump flow gradually by partial 
declamping, and the full declamping of this line 
allows approximately three times more blood flow 
than that passing through the oxygenator due to 
the resistance of the oxygenator membrane. This 
strategy reduces oxygenator support and enables 
the native lungs to oxygenate most of the pumped 
blood flow. Finally, the oxygenator is switched off 
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and disconnected. At this stage, the circuit is con-
verted to left heart bypass without the oxygenator 
(lv–ECCS). This simple lv–bypass system allows 
the patient to be discharged from the ICU and 
mobilized in the ward, and provides hemodynami-
cally stable bridging to destination therapies 
(LVAD or HTx).

aa–ECCPS (aa–ECMO) (left ventricular 
bypass circuit) is a univentricular ECMO system 
with a left heart bypass circuit that uses a cen-
trifugal pump to drive blood from the LA through 
an external membrane oxygenator for gas 
exchange before returning to the patient’s sys-
temic circulation. This approach is preferred in 
end-stage LHF patients complicated with respira-
tory failure, but without RVF or after right ven-
tricular recovery, or as a part of va–a–ECCPS for 
biventricular HF patients. A common indication 
is acute pulmonary edema caused by acute 
decompensation of LVF.

vp–ECCPS (vp–ECMO) (right ventricular 
bypass circuit) is a univentricular ECMO system 
with a right heart bypass circuit using a centrifu-
gal pump to drive blood from the patient’s vena 
cava or RA through an external membrane oxy-
genator for gas exchange before returning to the 
patient’s pulmonary circulation. This approach is 
preferred in RHF patients complicated with 
respiratory failure, but without LVF, who cannot 
be treated with fully mechanical ventilation. A 
common indication is respiratory failure accom-
panying post-implant RVF.

46.2.1.2	 �Temporary Mechanical 
Circulatory Support (t-MCS 
for RHF)

With sufficient spontaneous or mechanical venti-
lation, an oxygenator is not needed during 
t-MCPS for decompensated RHF (switch from 
ECCPS to ECCS). However, an external oxygen-
ator can be added to the circuit if acutely respira-
tory decompensation develops (switch from 
ECCS to ECCPS). vp–ECCS is mostly often 
used in decompensated RVF, particularly after 
LVAD implantation. Timely establishment of 
right-sided temporary mechanical circulatory 
support (t-MCS) provided by a centrifugal pump 
is very important to prevent RHF-related multior-

gan failure and death [21]. This approach is also 
the preferred method for weaning patients, who 
have had severe pulmonary failure, from vp–
ECMO to vp–ECCS due to separation of the 
external oxygenator from the circuit after pulmo-
nary recovery. In both situations, moribund 
patients should be treated and followed very 
carefully, and HTx must be not taken into consid-
eration unless the patient shows significant recov-
ery from multisystem organ failure. This type of 
t-MCS can be instituted via central or peripheral 
cannulation depending on the patient’s clinical 
condition [16]. The vp–ECCS system is an 
acceptable method for maximizing survival and 
bridging to HTx, during which it can be used for 
many weeks to improve the patient’s clinical 
status.

rv(vp)–ECCS (right ventricular bypass system) 
between the RA or femoral vein and the PA is 
rarely the preferred approach for isolated RVF 
because the normally-functioning LV can take 
over most of the right ventricular work and prevent 
right-sided cardiac output. The main indication of 
right heart bypass systems is acutely decompen-
sated RVF after LVAD implantation. The inflow 
cannula is inserted into either the RA or femoral 
vein, and the outflow cannula is placed into the PA 
through a tubular graft extending outwards from 
the second intercostal space. Alternatively, com-
pletely percutaneous approaches for isolated RV 
support can be performed via an inflow cannula 
placed from the femoral vein into the RA and a 
flexible outflow cannula introduced from the right 
internal jugular vein into the PA.  However, this 
approach requires fluoroscopy and is technically 
demanding [22].

lv(aa)–ECCS (left ventricular bypass system) 
between the LA and systemic arterial circulation 
is the most-preferred approach for the mainte-
nance of end-stage HF patients with irreversible 
LVF but sufficient preserved right ventricular and 
pulmonary function. The inflow cannula is usu-
ally inserted into the LA. The longer ECMO out-
flow cannula is inserted into the distal ascending 
aorta or left subclavian artery [23]. One of several 
types of centrifugal pumps is chosen for this type 
of t-MCS for isolated LHF, and lv-ECCS can be 
used for long-term support (for several weeks).
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bv–ECCS (biventricular bypass system) is a 
combination of both supports, but the indication 
for such a system is very limited. Most patients 
are supported by LVAD for left-sided dysfunction 
and a temporary right ventricular bypass system 
for right-sided dysfunction, as described above.

TandemHeart VAD (Cardiac Assist, 
Pittsburgh, PA, USA)
TandemHeart is an extracorporeal circulatory 
support system consisting of a small hydrody-
namic centrifugal pump, which is approved as a 
short-term (up to 30 days) and life-saving t-MCS 
approach for acute LHF. This system also can be 
used for vp–ECCS and for ECCPS in end-stage 
HF patients with RVF [24]. Its first use was for 
right ventricular support in a patient with myocar-
dial infarction [25]. This system is very versatile, 
can be easily deployed and discontinued, and can 
be applied surgically or percutaneously [26]. 
Percutaneous implantation is very practical and 
does not require reopening of the chest. For vp–
ECCS, the right atrial cannulation is performed 
through the femoral vein, and the outflow cannula 
is directed into the PA. “Protek Duo” is another 
useful cannula with two lumens, which allows 
setting of the inflow in the RA and outflow in the 
PA to achieve right heart support via a single can-
nula [27]. When inserted percutaneously, the sys-
tem can provide support up to 4 L/min; surgically 
implantation allows for a flow up to 8 L/min.

Rotaflow (Rotaflow; Maquet Gmbh & Co. 
KG, Rastatt, Germany)
Rotaflow is a new generation centrifugal pump 
with a magnetically levitated rotor capable of 
delivering 10  L/min. Because this device lacks 
bearings or seals, it causes much less trauma to 
blood elements and consequently less hemolysis 
than older generation devices [28]. This device 
has a spiral housing containing a spinning rotor 
with logarithmically curved flow channels that 
impart a rotary motion on the incoming blood, 
directing it toward the outlet. These features have 
been shown to allow improved continuous lami-
nar flow, with fewer areas of stagnant flow or 
high shear stress. In addition, the permanent, 
stable radial magnetic field and low-friction, one-

point sapphire bearing of the Rotaflow allow for 
reduced heat generation within the pump. 
Furthermore, the device can be configured to 
ECMO in cases of refractory respiratory failure 
by simply inserting an oxygenator into the sys-
tem [29]. It can be used either with or without the 
oxygenator as t-MCS up to 6 h, but also, for lon-
ger period (up to 15 weeks) [30].

CentriMag (Thoratec, Pleasanton, CA, 
USA)
The CentriMag blood pump is a third generation 
ECCS device used for mid-term t-MCS (up to 
30 days) in decompensated end-stage HF patients. 
This device provides hemodynamic support as a 
bridge to recovery or transplantation or mid-term 
ECMO to provide cardiorespiratory support [29, 
31]. It is also approved for use as an RVAD in acute 
RVF to support patients up to 30  days. The 
CentriMag system consists of a continuous flow 
centrifugal blood pump, a primary console and 
motor, a flow probe, tubing, and cannulae. This 
mid-term support device is based on a ‘bearingless 
motor’ configuration, where the impeller is ele-
vated magnetically to provide a contact-free envi-
ronment to help minimize blood-related 
complications such as hemolysis and thromboem-
bolism. It can provide a flowsupport of up to 10 L/
min. The main advantage of this system is that it 
provides an adequate cardiac output even in 
patients with a high body mass index. The pump 
system can be used for longer time periods by 
changing the pumphead. Although the system is 
approved for 30 days of use, it can be used for lon-
ger support (up to 300 days) in uncertain conditions 
such as prolonged RVF subsequent to permanent 
LVAD implantation or bridged end-stage HF [32].

46.2.2	 �Intracorporeal Temporary 
Mechanical Circulatory 
Support

Intracorporeal t-MCS devices can be implanted 
surgically or percutaneously, but percutaneous 
devices are preferred for all indications because 
they avoid surgical cannulation of the RA and 
PA, which increase the risk of bleeding and infec-
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tion and can necessitate additional surgery for 
device extraction [33]. Percutaneous t-MCSs are 
developed to unload the affected ventricle for 
better recovery and to maintain adequate cardiac 
output in patients who have acutely decompen-
sated HF or have undergone high-risk cardiac 
interventions. A third indication is for transaortic 
left heart unloading in patients with postcardiot-
omy syndrome treated by peripheral va–
ECMO.  This device can also be used in acute 
decompensation of end-stage HF to improve end-
organ function and to bridge to advanced HF 
treatments. A surgical intracorporeal t-MCS 
device also can be used as permanent RVAD.

46.2.2.1	 �Impella RP (Abiomed 
Impella, Danvers, MA, USA)

Impella RP is an axial-flow pump with a flow rate 
of up to 4 L/min that can be used as a novel per-
cutaneous short-term RVAD for up to 14  days. 
This device is approved for decompensated RHF 
subsequent to LVAD implantation, heart trans-
plantation, myocardial infarction, or open cardiac 
surgery [34]. Another indication is the manage-
ment and treatment of serious RHF symptoms in 
acute right ventricular decompensation in the 
context of chronic biventricular HF refractory to 
pharmacologic therapy without significant LHF 
[35]. This device is inserted percutaneously into 
the PA through the femoral vein, and the inflow 
of the catheter must be placed in the inferior vena 
cava and the outflow must be in the PA.  The 
Impella pumps blood directly from the systemic 
vein into the pulmonary trunk, thereby unloading 
the RV and increasing right-sided cardiac output. 
Transesophageal echocardiography and fluoros-
copy are required for correct installation. The 
most important benefit of this system over other 
t-MCS devices is that it does not require a surgi-
cal procedure for implantation.

46.2.2.2	 �PERKAT (Percutaneous 
Catheterpump) (The 
Novapump GmbH, Jena, 
Germany)

The development and design of a novel, percuta-
neously implantable, and rapidly deployable pul-
satile device for rapid percutaneous implantation 

with sufficient in vitro flow tests opens new pos-
sibilities for temporary right heart support, spe-
cifically for supporting the RV without the 
disadvantages of continuous flow systems [36]. 
The PERKAT device consists of a nitinol stent 
cage covered by flexible membranes containing 
numerous foil valves forming together the foil 
valve concept. A flexible outlet tube with a 
pigtail-shaped tip and outflow valves is attached 
to the distal end of the nitinol pumping chamber 
in the inferior vena cava. A standard intra-aortic 
balloon is then inserted into the pumping cham-
ber and connected to a standard pump console. 
Blood flows from the vena cava and right atrium 
into the nitinol stent cage through the foil valves. 
During subsequent balloon inflation, the foil 
valves are closed from the pressure exerted on the 
blood by the helium-filled intra-aortic balloon, 
and blood is guided through the flexible outlet 
tube into the pulmonary trunk. The maximum 
flow-support can reach up to 3.9 L/min (highest 
flow with 40  mL balloon, 22  mmHg afterload, 
and 120 beats per minute) in a standardized 
in vitro model with blood analogs depending on 
the size of the IABP-balloon, the afterload set-
ting, and the inflation/deflation frequency [37].

46.2.3	 �Permanent Mechanical 
Circulatory Support

Permanent mechanical pumps either provide a 
parallel artificial circulation for the failed pulmo-
nary circulation or take over the pump function of 
the failed RV. Current RVADs usually operate in 
parallel with the native RV, altering the blood 
flow pattern and increasing RV afterload associ-
ated with high tension in cardiac muscles and 
long-term valve complications. The anterior 
location of the RA is preferable to that of the RV 
for implantation (RA to PA cannulation) to create 
permanent mechanical support of the failed RV 
with in-parallel RVAD. This approach provides a 
decrease in right ventricular preload but an 
increase in pulmonary afterload. In-series artifi-
cial circulation (RV to PA cannulation) can pro-
vide better right ventricular unloading and 
hemodynamic restoration to an overloaded or 
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failing RV. This type of device restores the bal-
ance between oxygen supply and demand in RHF 
patients through superior afterload and volume 
reduction [38, 39]. The standard use of perma-
nent RVADs is as a biventricular ventricular 
assist device (BiVAD) in patients with circula-
tory decompensation caused by severe biventric-
ular HF or post-implant RVF. The aim of this use 
is to bridge operable patients to HTx or inopera-
ble patients to destination therapy. The options 
for biventricular support are total artificial heart 
(TAH) or pulsatile flow pumps, which are too 
large for hospital discharge and are limited by 
their large driver consoles to adequately restore 
patient mobility and improve quality of life; in 
addition, they have the highest mortality rate and 
lowest survival rate [40]. With advances in 
p-MCS design and miniaturization of pumps, the 
use of two continuous flow LVADs has been sug-
gested for biventricular support [41]. This strat-
egy has changed the treatment options, and 
different devices have been using for BiVAD 
therapy.

46.2.3.1	 �Pulsatil Dual Ventricular 
Assist Devices

Berlin Heart Excor (Berlin Heart AG, Berlin, 
Germany)
Berlin Heart Excor is a paracorporeal pulsatile 
pump used worldwide since 1996. The system 
is available for both pediatric patients and 
adults. Currently, this device is still the only 
choice for babies and young children with end-
stage HF.  The EXCOR system includes para-
corporeal, pneumatically-driven polyurethane 
blood pumps, silicone cannulae, a stationary 
driving unit, and a mobile driving unit. The 
pumps are available in sizes of 50, 60, and 
80 mL for adult patients, and 10, 15, 25, 30, 50, 
and 60 mL for pediatric patients. Pumps of all 
sizes have polyurethane valves, whereas 
mechanical valves are available only in 50, 60, 
and 80 mL pumps. Silicone cannulae are also 
available in various sizes. Pumps are produced 
from transparent material to allow visual 
inspection against thrombus formation or defor-
mations of the interchamber membrane. The 

system can be used either for LVAD, RVAD or 
BiVAD. The blood flows from the cardiac cavi-
ties into Excor pumps through silicone cannu-
lae, and the pump ejects blood into the aorta or 
PA. Suction and ejection of the pump are pow-
ered pneumatically by an air compressors unit. 
The Excor system can support patients from 
infants to adult-sized adolescents [42]. Loforte 
from Berlin reported a biventricular CentriMag 
cohort using Excor cannulas [43]. The goal of 
this strategy is to achieve an easy conversion 
from a short-term device to long-term support, 
with elimination of the potential risks of second 
surgery.

46.2.3.2	 �Continuous Dual Ventricular 
Assist Devices

Unlike pulsatile BiVAD and TAH, these LVADs 
are small light and do not require valves. In addi-
tion, they significantly restore patient mobility 
and allow discharge from the hospital because of 
their greater durability and longevity. While these 
devices are usually used as an LVAD combined 
with a paracorporeal t-MCS for RVAD for hybrid 
application as a BiVAD, the use of dual LVADs 
for both left and right ventricular support has 
increased recently. Third generation continuous 
flow ventricular assist devices are the choice for 
BiVAD achieved with dual devices; first and sec-
ond generation devices are no longer in use. 
Widespread use of dual continuous-flow LVADs 
is limited because of logistical issues with sepa-
rate controllers, reimbursement issues for the 
second pump, and the reported poor long-term 
prognosis compared with patients on isolated left 
ventricular support.

Heartware HVAD (HeartWare, 
Framingham, MA, USA)
Heartware HVAD is one of the commonly used 
3rd generation LVADs. This centrifugal pump 
can provide a flow of 4–10 L/min with a pump 
speed of 2400–3200 rpm. The rotor of the pump 
is levitated magnetically and hydrodynamically. 
The inflow cannula is directly implanted into the 
ventricular cavity, and the outflow graft is anasto-
mosed on the main arterial trunk. The inflow can-
nula can be placed either on the freewall, the 
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diaphragmatic wall of the RV, or the RA for 
RVAD implantation [44]. As a result of the lower 
PVR, the device can produce an extremely high 
flow because it is designed to work against sys-
temic vascular resistance (SVR), which is at least 
three to four times higher than normal PVR. Some 
surgeons prefer to narrow the outflow graft to 
5 mm in patients with lower PVR and 6–7 mm in 
those with higher PVR [41, 45]. However, it is 
preferable to use this device without any manipu-
lations of the outflow graft [46].

HeartMate-3 (St. Jude Medical, St. Paul, 
MN, USA)
The Heartmate-III is a new third generation cen-
trifugal LVAD designed for long-term circulatory 
support. Magnetic levitation technology is used 
to suspend the rotor for less shear stress and 
hemolysis. This device provides a blood flow of 
2.5–10 L/min. Artificial pulse technology is used 
to prevent the formation of zones of recirculation 
and the stasis of blood. It also uses a textured 
blood-contacting surface to encourage endothe-
lial tissue proliferation on the surfaces in contact 
with blood with the aim of reducing complica-
tions. This device is slightly larger than the 
HeartWare HVAD because of its greater dis-
placement volume and profile, but it is still small 
enough to allow intrapericardial implantation for 
BiVAD [47]. In the case of direct anastomosis to 
the pulmonary artery, the narrowing may be 
achieved intraoperatively using hemostatic clips, 
depending on the pulmonary artery pressure and 
pump performance. We believe that no further 
constriction other than downsizing from 14 to 
10 mm is necessary.

46.2.4	 �Total Artificial Heart

The total artificial heart is a permanent ortho-
tropic pneumatic pulsatile system that enables 
biventricular support to maintain both the pulmo-
nary and systemic circulation, providing a sig-
nificant improvement for severe biventricular HF 
and allowing long-term hospital discharge. A 
total artificial heart consists of two pumps to 
replace the native ventricles. Patients with severe 

biventricular failure [48], complex non-repairable 
congenital structural disease [49], hypertrophic 
or restrictive cardiomyopathy, or severe rejection 
of transplanted heart are candidates for TAH.

46.2.4.1	 �The Syncardia TAH 
(SynCardia Systems, Inc., 
Tucson, AZ, USA)

The Syncardia TAH is the only FDA approved 
TAH available on the market for bridge-to-
transplant indication [50]. The device is indicated 
in patients with the appropriate chest size (BSA 
1.7–2.5 m2 or >10 cm between the tenth thoracic 
vertebrae and the sternum) who are eligible for 
transplantation but not for LVAD or BiVAD [51]. 
This pneumatically driven device consists of two 
polyurethane pumps of 70-cc stroke volume for 
each ventricle. Each chamber contains two 
mechanical, single-leaflet tilting disc valves 
(SynHall, formerly Medtronic Hall; inflow, 
27 mm; outflow 25 mm) to regulate flow direc-
tion. A smaller-sized model is also available that 
has 50-cc pumps for both sides. This model is 
made for patients with a BSA of 1.2–1.85  m2, 
which is preferred for bridge to transplantation 
[52, 53]. To implant the SynCardia TAH, the left 
and right ventricles are excised, leaving a 1-cm 
rim of ventricular muscle around the mitral and 
tricuspid annulus. The mitral and tricuspid valve 
leaflets are also excised. The atrial septum must 
be checked to ascertain a patent foramen ovale. 
The artificial ventricles are attached to the atri-
ums and great vessels via the quick connectors, 
which are previously sutured to the mitral, tricus-
pid, pulmonary and aortic annuli. Patients under-
going TAH implantation must take antiplatelet 
and anticoagulant therapy to prevent thromboem-
bolic complications. The most common compli-
cations after TAH surgery include stroke, 
infections, bleeding, thrombosis, renal failure, 
and chronic anemia.

�Conclusion

Right ventricular support is a novel area in the 
management of refractory RVF, and there is 
no perfect device for this therapy. Dual LVADs 
are preferred for biventricular p-MCS, but 
TAH will eventually take over this role. In 
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acute situations, va-ECMO or vp-ECCS is the 
best option to treat LVAD patients with refrac-
tory RVF. Isolated RVF is rare in patients with 
advanced LHF, and va-a-ECCPS is the pre-
ferred approach in such cases. Patients with 
preserved left ventricular function can be 
managed with isolated RVAD if t-MCS is 
insufficient.
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POST-LVAD Right Ventricular 
Failure

Kaan Kırali, Tanıl Özer, and Emre Selçuk

Abstract

Patient selection and implantation timing are 
key determinants of success for therapy with 
a left ventricular assist device (LVAD). End-
stage heart failure patients with stable dis-
ease on inotropic treatment are the best 
candidates, whereas patients with cardio-
genic shock are considered too ill for LVAD 
support and should be receive temporary 
mechanical circulatory support devices to 
optimize their condition before LVAD 
implantation. However, if implantation is 
delayed, outcomes may worsen due to sec-
ondary organ damage caused by prolonged 
end-stage heart failure, with the potential for 
right heart failure to develop and lead to 
death. Most patients with advanced left ven-
tricular failure assessed for LVAD implanta-
tion also have some degree of right 
ventricular dysfunction. Though LVADs are 
effective for treating left ventricular failure, 
they do not intrinsically treat, and in some 
instances may worsen, right ventricular fail-
ure (RVF). Indeed post-LVAD RVF is a 
major complication of device implantation 
and significantly increases postoperative 

morbidity and mortality. The etiology is 
often multifactorial, including pre-existing 
right ventricular dysfunction, leftward shift-
ing of the interventricular septum, excessive 
volume overload, and suboptimal pulmonary 
afterload reduction. Different echocardio-
graphic, hemodynamic, and biologic mark-
ers may help to the prevention, early 
diagnosis, and effective treatment of post-
LVAD RVF.  Specifically, post-LVAD RVF 
results in poor filling of the left ventricle and 
poor LVAD output that often necessitate 
additional right ventricular support with ino-
tropes and pulmonary vasodilators, or rarely, 
a right-sided mechanical device. Additional 
treatments that can improve right ventricular 
function after LVAD implant include annu-
loplasty to reduce the severity of tricuspid 
regurgitation, aggressive diuresis to reduce 
volume overload, and treatment to maintain 
aortic valve patency in every cycle, to lower 
excessive left ventricular loading.
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47.1	 �Introduction

The number of patients with heart failure (HF) is 
increasing worldwide due to advances in treat-
ment for heart diseases, especially for coronary 
artery and valvular pathologies. Left heart failure 
(LHF) is now the most common type of end-
stage HF, followed by biventricular HF and then 
right heart failure (RHF). Heart transplantation 
(HTx) is still the gold standard treatment for end-
stage HF in eligible patients because new and 
effective developments in surgical techniques 
and immunosuppressive therapy have been asso-
ciated with improved outpatient-care, long-term 
survival, and quality of life (see Chap. 45). As the 
prevalence of end-stage HF continues to rise, 
HTx is increasingly only available for a limited 
number of patients because of the shortage of 
suitable donors.

Shortages in available donors and increases in 
the waiting list for HTx have led to the need for 
novel treatment alternatives, with a particular 
focus on mechanical circulatory support (MCS) 
devices. Both short- and long-term MCS devices 
have been developed to ameliorate circulatory 
deterioration in end-stage HF patients and to act 
as a bridge to a better, more advanced, or defini-
tive therapy. Acute left ventricular failure (LVF), 
regardless of whether there is cardiogenic shock, 
is fatal if not treated by hemodynamic support, 
which can be achieved by using short-term MCS 
devices. By contrast, chronic LVF has a more 
moderate course associated with circulatory 
decompensation if not supported with long-term 
MCS devices. In either case, a left ventricular 
assist device (LVAD) is the most effective means 
for mechanical support of cardiac output (CO) in 
hospitalized end-stage LHF patients, and can 
avoid pulmonary congestion and the need for 
respiratory support by mechanical ventilation or 
extracorporeal membranous oxygenation 
(ECMO). Preoperative new-onset pulmonary 
arterial hypertension (PAH) secondary by LHF 
prepares the right ventricle (RV) against 
increased afterload via resulting right ventricular 
hypertrophy, and therefore, early LVAD implan-
tation can prevent the development of right ven-
tricular dysfunction (RVD) and consequent right 

ventricular failure (RVF) due to reducing pulmo-
nary afterload. However, almost all patients with 
advanced LHF have some degree of preopera-
tive RVD, and because of long-standing elevated 
pulmonary afterload and pulmonary vascular 
resistance (PVR), can either tolerate or succumb 
to increased left-sided CO changes after LVAD 
implant.

Patients with advanced LHF are referred for 
LVAD implantation if they cannot wait for HTx 
because of severe clinical status, poor prognosis 
(1-year mortality of approximately 50%), poor 
quality of life due to symptoms even at rest, fre-
quent hospitalizations, and difficultly managing 
complex drug regimens (Table 47.1). There are 
several indications for implanting an MCS 
device to keep end-stage HF patients alive or to 
bridge them to a more durable treatment modal-
ity; however, the indications for LVADs are more 
restricted (Table 47.2) [1]. Nevertheless, the use 
of LVADs is increasing annually among patients 
with advanced LHF, who cannot wait for HTx 
due to poor clinical statuses (bridge to trans-
plantation) or who cannot become eligible for 
HTx due to severe additional risk factors (e.g., 
elevated PVR, advanced age, or severe non-
cardiac pathologies) (bridge to destination), 
which is increasingly the case for life-long ther-
apy [2]. Another area of clinical use for LVADs 
is in the evaluation of possible recovery of ele-
vated PVR in end-stage HF patients and in the 
assessment of suitability for HTx (bridge to can-
didacy), but it can be difficult to predict this 
recovery capacity.

Patient selection and implantation timing are 
key determinants of success for LVAD therapy. 
The best candidates for LVAD implantation are 
those with advanced LHF, who are stable and 
receiving inotropic treatment. By contrast, 
patients in cardiogenic shock are unsuitable for 
LVADs because they are too sick, and should 
therefore be supported via percutaneous tempo-
rary MCS (t-MCS) devices to optimize their con-
dition before LVAD implant [3]. If LVAD 
implantation is delayed, however, the outcome 
may worsen due to secondary organ damage 
caused by prolonged end-stage HF (e.g., poor 
nutritional status, low serum albumin, hepatic 
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and renal dysfunctions, and markers of RVF) [4]. 
Despite being a highly acclaimed treatment, 
LVAD is not a benign procedure, and patients 
with advanced LHF must overcome significant 
complications during the perioperative and post-
operative periods (Table  47.3). Moreover, 
because many complications interact with severe 
RVF that develops after LVAD implant (i.e., post-
LVAD RVF) being the most troublesome prob-
lem nowadays; maybe it will also in future.

47.2	 �Right Ventricular 
Dysfunction After LVAD 
Implantation

The RV and left ventricle (LV) are anatomically, 
physiologically, and functionally distinct. There 
are two layers of right ventricular myocardium: 
the superficial muscle fibers are arranged circum-
ferentially parallel to the atrioventricular groove 
in continuity with the LV, whereas the deep mus-
cle fibers are aligned longitudinally, base to apex 
(in contrast to the LV where oblique fibers are 
found superficially, with longitudinal fibers on 
the endocardium and circumferential fibers 
between). The right heart circulatory  

Table 47.1  Indication and timing-criteria for LVAD 
implantation in patients with advanced LVF

1. Acceptable cardiac functions

 � (a) Severe left ventricular dysfunction (LVEF 
≤25%; CI + <2 L/min/m2; ± MR >2°)

 � (b) Adequate right ventricular function (TAPSE 
≥1.0 cm; RAP ≤15 mmHg)

 � (c) Implantable pathologic cardiac anatomy

 � (d) Absence of non-cardiac contraindications

2. �Worse functional status (NYHA IIIb–IV symptoms 
for at least 45 of the last 60 days)

3. Frequent hospitalizations (≥2 in the last 6 months)

4. INTERMACS status ≤4

5. �Poor capacity for physical activity (6 min walking 
test <300 m)

6. �Functional capacity reduction (peak VO2 ≤14 mL/
kg/min or continued need for intravenous inotropic 
therapy)

7. �Inadequate pharmacologic support despite 
optimization (inotropic medications for ≥14 days)

8. Intractable ventricular arrhythmias

9. �Aggressive therapy owing to severe congestive 
symptoms (e.g., LCOS, renal insufficiency, 
pulmonary congestion, or PVR)

10. �Prolonged t-MCS without healing (IABP and/or 
va-ECMO support ≥7 days)

11. Prolonged va-a-ECCPS or lv-ECCS (≥14 days)

CI cardiac index, va-a-ECCPS venoatrial (biatrial)-arte-
rial extracorporeal cardiopulmonary support, lv-ECCS 
left ventricle bypassing extracorporeal circulatory sup-
port, ECMO extracorporeal membranous oxygenation, 
IABP intra-aortic balloon pump, INTERMACS Interagency 
Registry for Mechanically Assisted Circulatory Support, 
LCOS low cardiac output syndrome, LVAD left ventricu-
lar assist device, LVEF left ventricular ejection fraction, 
LVF left ventricular failure, t-MCS temporary mechanical 
circulatory support, MR mitral regurgitation, NYHA 
New  York Heart Association, RAP right atrial pressure, 
RVD right ventricular dysfunction, VPR vascular pulmo-
nary resistance, TAPSE tricuspid annular plane systolic 
excursion, VO2 oxygen consumption

Table 47.2  Targets of LVAD implantation

Bridge to recovery (BTR): Salvage therapy. Acute 
cardiogenic shock after a massive acute myocardial 
infarction with or without mechanical complications, 
acute myocarditis, or postcardiotomy syndrome can be 
fatal. The myocardium could be recovered by the 
LVAD unloading the left ventricle; with the main goal 
being to keep the patients alive while recovery occurs

Bridge to decision (BTD): Supportive therapy. Acute 
cardiac failure subsequent to acute decompensation of 
end-stage HF requiring optimal treatment by LVAD to 
keep patients alive, maintain cardiac output, and gain 
time until HTx or a decision for the destination 
therapy; with the main goal being to prevent 
non-cardiac organs deteriorating during the decision-
making period

Bridge to candidacy (BTC): Preparatory therapy. 
Reversibility of the elevated PVR requires prolonged 
treatment, and recovery of PVR for HTx should be 
verified by invasive tests; with the main goal being to 
allow patients to continue in their daily lives

Bridge to transplantation (BTT): Bridging therapy. 
Candidates for HTx should undergo LVAD 
implantation due to serious life-threatening 
complications of advanced HF; with the main goal 
being to prevent patients alive until HTx

Bridge to destination therapy (BTDT): Continuity 
therapy. Long-term LVAD therapy is a durable 
treatment alternative to HTx in end-stage HF patients, 
who are not eligible for transplantation due to 
extracardiac diseases, irreversible elevated PVR, 
advanced age, or donor unavailability; with the main 
goal being to keep patients asymptomatic during their 
lives

HF heart failure, HTx heart transplantation, LVAD left 
ventricular assist device, PVR pulmonary vascular 
resistance

47  POST-LVAD Right Ventricular Failure
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system is comprised of the systemic veins up to 
the pulmonary arterioles, and RVF is defined as 
persistent signs and symptoms of dysfunction of 
the right heart circulatory system due to altera-
tion of its structure and/or function, leading to 
suboptimal delivery of blood flow to the pulmo-
nary circulation and/or elevated venous pressures 
at rest or with exercise [5]. The RV is the basic 
component of this circulatory system, and it is 
primarily affected by elevated PAH and PVR sec-
ondary to advanced LHF, either acutely or chron-
ically. Functional deterioration in right ventricular 
ejection fraction (RVEF) is the initial scenario 

(i.e., RVD) following structural deterioration in 
the later phase (i.e., RVF). Anatomorphologic 
right ventricular pathologies, primarily pulmo-
nary diseases or congenital anomalies resulting 
RVF, are outside of this definition.

Post-LVAD RVF, briefly, is the onset or 
exacerbation of right ventricular deterioration 
after LVAD implant, and is closely associated 
with postoperative mortality and morbidity. 
Therefore, it is important to give a clear defini-
tion to ensure accurate diagnosis. Different 
clinical definitions of post-LVAD RVF have 
been developed, based variously on hemody-
namic parameters, echocardiographic measure-
ments, and the requirement for a right 
ventricular assist device (RVAD). Interagency 
Registry of Mechanically Assisted Circulatory 
Support (INTERMACS) defines RVF as “per-
sistent signs and symptoms of RVD evident by 
central venous pressure (CVP) >18 mmHg with 
a cardiac index (CI) <2.0  L/min/m2 in the 
absence of increased left atrial pressure (LAP) 
or pulmonary capillary wedge pressure (PCWP) 
>18  mmHg, cardiac tamponade, ventricular 
arrhythmias, and/or pneumothorax, requiring 
either RVAD implantation, inhaled nitric oxide 
(NO), or inotropic therapy for ≥14  days after 
LVAD implantation” [6]. The spectrum of post-
LVAD RVF ranges from mild dysfunction to 
life-threatening hemodynamic deterioration, 
and once RVD develops it is important to be 
alert for progression to severe RVF (Table 47.4). 
When a patient meets the criteria for this pathol-
ogy, severity must be graded clinically based on 
persistent elevation of CVP and prolonged ino-
tropic dependence (Table  47.5). Post-LVAD 
RVF mostly develops during the intraoperative 
and/or postoperative periods during hospital-
ization, but it can also emerge after discharge, 
defined as “late-onset RVF”, which is a major 
reason for readmission with right heart related 
symptoms (i.e., edema, ascites, arrhythmia, 
renal and hepatic dysfunctions, coagulopathy, 
and malnutrition) despite adequate left ventric-
ular support after hospital discharge [7]. 
Another group of patients, who are not included 
in the official classification, is the “subclinical” 
RVD, causing only limited exercise tolerance 
and impaired echocardiographic parameters; 

Table 47.3  Complications after LVAD implantation

(A)  Device-related

 � (1)  Post-implant RVD

 � (2)  Major bleeding

 �   (a)  Surgical

 �   (b)  Hematological

 � (3)  Thromboembolism

 �   (a)  Cerebral (stroke)

 �   (b)  Peripheral

 �   (c)  Intestinal

 �   (d)  Cardiac (acute coronary syndrome)

 � (4)  Hemolysis

 � (5)  Pump-thrombosis

 � (6)  Aortic valve coaptation defect (AR)

 � (7)  Infection

 �   (a)  Drive-line infection

 �   (b)  Mediastinitis

 �   (c)  Pump infection

 �   (d)  Sepsis

(B)  Device independent

 � (1)  Cardiac arrhythmias

 � (2)  Pericardial fluid collection

 � (3)  Wound dehiscence

 � (4)  Hemorrhage

 �   (a)  Cerebral

 �   (b)  Gastrointestinal

 �   (c)  Mucosal

 � (5)  Psychiatric episode

 � (6)  Hepatic dysfunction

 � (7)  Renal dysfunction

 � (8)  Hypertension

 � (9)  Respiratory failure

 � (10)  Venous thromboembolism

AR aortic regurgitation, LVAD left ventricular assist 
device, RVD right ventricular dysfunction
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however, despite poor quality of life, this group 
typically has no history of hospital admissions 
due to major adverse events.

Although LVAD implantations are effective 
for treating advanced LVF, they do not treat RVF 
intrinsically, and may in fact worsen RVF.  The 
acceptable frequencies of early- and late-onset 
symptomatic post-LVAD RVF are approximately 
20% and 10%, respectively [8]. However, 
prospective cohort studies have reported that the 
frequency of post-LVAD RVF may be as high as 
35%, whereas heterogeneous studies have 
reported lower frequencies of up to 25% [9]. The 
reasons for this range are that different defini-
tions have been used and the diagnosis of severe 
RVF is subjective, with different approaches 
used to determine prolonged inotropic require-
ment or aggressive management. Furthermore, 
patients’ INTERMACS profiles, preoperative 
risk scores, and also postoperative management 
differences all contribute to the variability in 
incidence among populations. Severe post-LVAD 
RVF develops with a frequency <10% in patients 
with INTERMACS level 1 at implant, but this 
decreases to <4% for patients with INTERMACS 
levels 2–3 and to <2.3% for patients with 
INTERMACS levels 4–7 [10]. When comparing 
pulsatile and continuous flow devices, the overall 
incidences of post-LVAD RVF are similar in both 
groups [11]. The rate of unplanned RVAD use 
after LVAD implant is decreasing thanks to 
understanding of RV-LVAD relationship, better 
identification of risk profiles, and improved med-
ical and surgical therapies. At present, approxi-
mately 10% of patients require an unplanned 

Table 47.4  Severity of post-LVAD RVF

Hemodynamic (clinical-onset symptoms; post-LVAD 
RVF)

  Massive Severe hypotensive (SAP 
<50 mmHg), low device flow alarm, 
stretched RA (CVP >20 mmHg), 
signs on TEE (mitral annular collapse, 
shrunken LV), deviation of IVS to the 
left; death due to RHF in hospital

  Severe Hypotensive (SAP <60 mmHg), CI 
<2 L/min/m2, CVP >18 mmHg, low 
device flow, leftward shift of the IVS

  Moderate Borderline hypotensive (SAP 
60–80 mmHg), CI 2–2.2 L/min/m2, 
CVP 16–18 mmHg, leftward 
deviation of the IVS

  Mild Normotensive (SAP >80 mmHg), CI 
>2.2 L/min/m2, CVP <16 mmHg, 
midline IVS

Therapeutic  (healing-onset symptoms; after 
symptomatic RVF)

  Mild Inotropic ± nitric oxide or vasodilators 
support for <7 days

  Moderate Inotropic ± nitric oxide or vasodilators 
support for 7–14 days

  Severe Inotropic ± nitric oxide or vasodilators 
support >14 days, RVAD

Postoperative (early-onset symptoms; after LVAD 
implantation)

  Hyperacute Following excessive adjustment of the 
device speed

  Acute ≤2 days

  Early 3–14 days

  Late >14 days

Follow-up  (late-onset symptoms; after discharge with 
an LVAD)

  Subclinical Daily and/or exercise activity 
capability

  Mild No readmission after discharge

  Moderate Limited to one readmission for 
diuretic and/or vasodilator treatment

  Severe More than one readmission for 
inotropic and/or diuretic and/or 
vasodilator treatment; RVAD 
requirement; death due to RHF after 
discharge

CI cardiac index, CVP central venous pressure, IVS inter-
ventricular septum, LV left ventricle, LVAD left ventricular 
assist devices, RA right atrium, RHF right heart failure, 
RVAD right ventricular assist device, RVF right ventricular 
failure, SAP systemic arterial pressure, TEE transesopha-
geal echocardiography

Table 47.5  Evidence of persistently elevated severe 
venous congestion

(a) �CVP or RAP >18 mmHg (by right heart 
catheterization)

(b) �IVC >2.5 cm with no inspiratory variation (by 
echocardiography)

(c) �Worsening hepatic (total bilirubin >2.0 mg/dl) or 
renal (creatinine >2.0 mg/dl) dysfunction (by 
laboratory)

(d) �Presence of ascites or palpable hepatomegaly (by 
diagnostic imaging)

(e) �Elevated jugular venous distension at least 
half-way up the neck in an upright patient (by 
clinical findings)

(f) �Peripheral and/or anasarca edema >2+ either new 
or unresolved (by physical examination)

CVP central venous pressure, IVC inferior vena cava, RAP 
right atrial pressure
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RVAD for severe RVF immediately or late after 
LVAD implant, despite aggressive management 
[12]. The frequency of late-onset RVF is rela-
tively low at 6–11%, but this should be treated by 
HTx.

47.3	 �Pathophysiology

Under normal physiological conditions, the anat-
omy, myocardial ultrastructure, and coronary 
physiology of the RV have the characteristics of a 
“high-volume/low-pressure” pump. The RV is 
not a mirror image of the LV, having its own anat-
omy, physiology, circulation, and hemodynam-
ics. Despite the distinct embryologic origins of 
both ventricles, they are integrated rather than 
distinct structures that share the interventricular 
septum (IVS). The muscle mass of the RV is rela-
tively less than that of the LV, because of a rela-
tively thin (≤5 mm) free-wall. However, the RV 
can eject almost an equal stroke volume (SV) as 
the LV because it does so into a pulmonary cir-
cuit that has a lower afterloaded (low pressure 
and resistance) and is highly compliant, with a 
more complex contractile mechanism, requiring 
75% less stroke work than the LV. The RV con-
sists of separate ejection parts: passage (inlet) 
portion, pump (trabecular) portion, and throw 
(outlet) protion.

The trabecular portion is the main contractile 
part that has a crescent-shaped structure, includ-
ing a concave free wall and a convex IVS. The 
systolic contraction of the RV includes longitudi-
nal shortening, pressing of the free wall against 
the septum, contraction of the IVS, and a “wring-
ing” action of the LV. The dominant part of con-
traction (80%) is achieved with longitudinal 
shortening (twisting) via oblique aligned septal 
myofibrils (superficial fibers), which are in con-
tinuation with fibers of the left ventricular free 
wall, and alone yield close to 60% of the 
RVEF.  The rest of the contraction (20%) is 
achieved by short-axis shortening of the right 
ventricular free wall, which is attached to the IVS 
in the tricuspid annular plane, and yields approxi-
mately 30–35% of the RVEF.  The contractile 
functions of both ventricles are closely related to 

biventricular anatomical and physiological inter-
actions, defined as ventricular interdependence 
[13]. Anatomical interaction between both ven-
tricles is more complicated: right ventricular con-
tractility derived from the LV is significant 
(20–40%) and the LV contributes as much as 
50% to the right ventricular pressure generation. 
Physiological dependence of both ventricles 
works according to the Frank–Starling mecha-
nism: one is obliged to provide optimal preload 
to another to maintain circulation.

Right ventricular functions are more depen-
dent on afterload than contractility and preload. 
Right ventricular afterload consists of two 
parameters: (1) opposing pulsatile flow (pulmo-
nary vascular compliance, proximal vessel char-
acteristic impedance, and wave reflections), 
which creates between 1/3 and 1/2 of the hydrau-
lic power in the main pulmonary artery, and (2) 
opposing mean flow (i.e., PVR), which creates 
the rest of the hydraulic power. The working 
principles of afterload are bidirectional, with 
lower afterload making systolic ejection easier 
and unimpeded, but higher afterload resulting in 
systolic dysfunction as elevated resistance devel-
ops against ejection. Standard metrics such as 
PVR, the transpulmonary gradient (TPG), the 
diastolic pulmonary gradient (DPG), and LAP 
are used to describe right ventricular afterload. 
Contractility of the RV is weaker than that in the 
LV because of the lower myocardial mass, the 
crescent-shape cavity, and spindly papillary mus-
cles; however, the structure of the trabeculae car-
neae in the RV gains power for ejection without 
requiring excessive concentric hypertrophy 
(>5 mm). The IVS, and its longitudinal shorten-
ing in particular, is the dominant component of 
right ventricular contractility under normal con-
ditions, but septal involvement decreases signifi-
cantly after cardiac surgery due to the effects of 
cardiopulmonary bypass (CPB) and pericardiot-
omy, resulting in a loss of pericardial restraint 
and a decline in the twisting motion of the LV, 
which is a significant portion of right ventricular 
systolic function. Right ventricular preload can 
also affect right ventricular function bidirection-
ally, with lower preload leading to decreased 
SV,  and higher preload leading to increased 
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right-sided SV until pericardial constraint limits 
further augmentation to preserve the physiologic 
reserve of the RV.

Progression of LVF results in left ventricular 
remodeling via a vicious circle of complex 
changes of left ventricular hemodynamics on 
myocyte and nonmyocyte components of the 
myocardium. Irreversible pathologies of the LV 
lead to progressive loss of myofilaments, result-
ing progressive contractile dysfunction, and loss 
of collagen network connectivity, causing pro-
gressive cavity dilatation despite preserved 
structural integrity of the heart. Myocardial 
fibrosis interacts with other compartments to 
cause the following microvascular, mechanical, 
and electrical dysfunctions: (a) decreased perfu-
sion reserve due to capillary rarefaction and 
perivascular fibrosis, (b) systolic and diastolic 
dysfunction due to myocardial stiffening from 
collagen expansion and increased filling pres-
sures, (c) re-entrant arrhythmias and sudden 
death due to impaired electrical conduction 
from disarray in the collagen network architec-
ture, and (d) impaired cardiomyocyte/mitochon-
drial energetics due to interposition of excess 
collagen between cardiomyocytes and capillar-
ies. The enlargement of myocardial cells alters 
the LV from an elliptical to a spherical shape 
associated with increasing wall stress and 
mechanical energy that further aggravates left 
ventricular dilatation, wall thinning, and con-
tractile dysfunction. This progressive dilatation 
also causes a “pull-apart” pathology of the pap-
illary muscles that causes significant mitral 
regurgitation (MR) due to the inability of mitral 
valve coaptation. These left-sided pathologic 
changes result in pressure increase in the pul-
monary vascular bed and increased right-sided 
filling pressures.

Pathophysiologically, RVF development is 
dependent on multiple risk factors (Chap. 11). 
Cardiomyopathic processes (maladaptive 
remodeling), elevated pulmonary pressure and 
resistance (pressure overloading), adverse left 
ventricular remodeling (ventricular dyssyn-
chrony), accelerated resistance and/or obstruc-
tiveness against to coronary blood supply 
(myocardial hypoperfusion and/or ischemia), 

and inadequate diastolic filling (diastolic 
dysfunction) are mainly responsible for the 
development and progression of RVD before 
LVAD implant [14]. This remodelling process is 
sustained by the contribution of hemodynamic, 
neurohormonal, genetic, and molecular compo-
nents. Because the RV is very sensitive to after-
load, an acute increase in pulmonary afterload 
impairs the right heart circulatory system and the 
right-sided SV. Maladaptive remodeling of the 
RV is similar to that of the LV, being associated 
with increasing myocardial fibrosis, dilatation, 
wall thinning, atrioventricular valve regurgita-
tion, and contractile failure. Pressure overload-
ing in the pulmonary circulation increases 
afterload and prolongs the systolic contraction of 
the RV, and this increase in resistance can ini-
tially be tolerated due to preload overloading. In 
the early phase of RVD, wall thickening and 
enhanced contractility are the first important 
responses against pressure overloading, creating 
adaptive remodeling with concentric hypertro-
phy and preserved right ventricular function. As 
this progresses to a chronic phase, the higher 
afterload decreases the right pump function pro-
portionally and contractile dysfunction eventu-
ally occurs despite advanced myocardial 
contractility induction. Meanwhile the RV 
dilates to provide adequate SV, but this leads to 
tricuspid annular dilatation, valve coaptation 
defects, and ultimately, significant tricuspid 
regurgitation (TR). This process triggers mal-
adaptive remodeling that causes eccentric hyper-
trophy and deteriorated right ventricular 
function. Ventricular dyssynchrony by leftward 
movement of the IVS at the beginning of left 
ventricular diastole then accelerates RVD due to 
loss of left ventricular support. Myocardial 
hypoperfusion due to elevated intercavitary pres-
sures of the RV, low cardiac output syndrome 
(LCOS) and/or coronary ischemia, may also 
functionally impact the highly compliant RV. 
Diastolic dysfunction can then develop due to 
the limited pericardial space, which accelerates 
the deleterious effects of the dilated LV with 
elevated end-diastolic pressure on the RV via 
rightward shift of the IVS. Impaired biventricu-
lar systolic function can also hinder right 
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ventricular unloading and precipitate diastolic 
dysfunction in that way.

Currently, the main indication for LVAD 
implantation in patients with advanced LHF is 
as a destination therapy, and this has both advan-
tages and disadvantages for the RV [15]. 
Enhancement of CO by LVADs facilitates the 
recovery of end-organ dysfunction and amelio-
rates the biomarkers of target organ damage. By 
supporting the failing LV, an LVAD not only 
improves left-sided SV but also has reciprocal 
hemodynamic effects on the RV function 
(Fig.  47.1). Reducing left-sided filling pres-
sures, and consequently MR, due to left ventric-
ular unloading decreases, for example, the PVR 
and PAH. In turn, this contributes to right ven-
tricular functions such as the RVEF, right ven-
tricular stroke work index (RVSWI), and 
tricuspid annular plane systolic excursion 
(TAPSE) [16]. Finally, a marked reduction in 
right ventricular intercavitary pressure indi-
rectly supports right ventricular myocardial per-
fusion, while reducing tricuspid annular tension 
decreases TR and the CVP, which can resolve 
congestive signs (e.g., edema, renal hypoperfu-
sion, ascites, and hepatic congestion). 
Unfortunately, it is possible that post-LVAD 
RVF can develop or progress.

The etiology of post-LVAD RVF includes 
three main right-sided components: increased 
right-sided preload, impaired right ventricular 
contractility, and elevated pulmonic afterload 
(Fig.  47.2) [17]. After LVAD implant, several 
mechanisms influence these components, caus-
ing important changes in left and right ventricu-
lar geometries, and negatively affecting right-side 
CO (Table  47.6). Biventricular SVs must be 
equal for an unimpaired circulation, and normal 
RV function should be able to tolerate excessive 
volume displacements. However, patients with 
advanced LVF encounter early post-LVAD RVF 
regardless of whether right myocardial reserve is 
adequate preoperatively. In contrast to this, late-
onset post-LVAD RVF clearly occurs due to pro-
gressive cardiomyopathy caused by ongoing 
severe PAH.

Preload increment is the first reason for aggra-
vation of RVD after LVAD implant. Increased 
CO from the LV after LVAD implantation 
(approximately 100%) results in greatly increased 
venous return to the RV [18]. Equally, the admin-
istration of substantial amounts of blood products 
with or without fluids contributes to an elevation 
of the systemic venous return during the periop-
erative and/or early postoperative periods. This 
rapid increase in the preload can overstretch 
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Fig. 47.1  The effects of 
an LVAD on an impaired 
RV. CVP central venous 
pressure, IVS 
interventricular septum, 
LV left ventricle, LVAD 
left ventricular assist 
device, LVEDV left 
ventricular end-diastolic 
volume, MR mitral 
regurgitation, PAP 
pulmonary artery 
pressure, PVR 
pulmonary vascular 
resistance, RV right 
ventricle, TR tricuspid 
regurgitation
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cardiac myofibrils in damaged RV, gradually 
aggravating the right ventricular and tricuspid 
annular dilatation, and resulting in worsening TR 
and right-sided SV. These adverse effects further 
increase right ventricular overdistension and fill-
ing pressures in a vicious circle.

The cardiorenal syndrome (CRS) refers to a 
group of acute and chronic clinical conditions in 
which failure of either the heart or kidney initi-
ates or aggravates failure of the other organ 
(Table 47.7) [19]. Most LVAD candidates have 
reversible preoperative renal dysfunction (CRS 
type II), which can be ameliorated quickly by 
improving systemic tissue perfusion with an 
LVAD.  However, volume overloading caused 
by renal dysfunction, diuretic resistance, or 
excessive blood product replacement may lead 

adverse LV remodeling

derangement of myofibrils
pulmonary venous hypertension

pulmonary arterial hypertension

RV myocardial impair

reduction in septal contraction

RV overloading

leftward septal shiftLV unloading

LV overloading

Post-LVAD RVF

aggravation of TR

Fig. 47.2  The complex 
pathology of post-LVAD 
RVF. LV left ventricle, 
LVAD left ventricular 
assist device, RV right 
ventricle, RVF right 
ventricular failure, TR 
tricuspid regurgitation

Table 47.6  Determinants leading to post-LVAD RVF

1. Preload

 � a. �Increased left ventricular output and venous 
return

 � b. �Excessive administration of blood products and 
fluids

 � c. Decreased diuresis (renal failure)

 � d. �Aggravated annular dilatation and tricuspid 
regurgitation

2. Contractility

 � a. �Overstretched cardiac myofibrils (decreasing 
stroke volume)

 � b. �Dyssynchrony of the IVS (non-contractile and/or 
leftward septal shift)

 � c. Impaired ventricular interdependence (LVF)

 � d. Intrinsic factors for RVF

 � e. �Cardiopulmonary bypass with/without aortic 
cross-clamping

3. Afterload

 � a. Maintenance of pulmonary arterial hypertension

 � b. �Inadequate unloading of the left ventricle by 
LVAD

 � c. Severe mitral regurgitation

 � d. Respiratory problems

IVS interventricular septum, LVAD left ventricular assist 
device, LVF left ventricular failure, RVF right ventricular 
failure

Table 47.7  Classification of cardiorenal syndromes

Type
Clinical 
condition Clinical etiology

I Acute 
cardiorenal 
syndrome

Acute cardiogenic shock or 
acutely decompensated 
congestive heart failure leading 
to acute kidney injury

II Chronic 
cardiorenal 
syndrome

Chronic congestive heart 
failure causing progressive and 
potentially permanent chronic 
kidney disease

III Acute 
renocardiac 
syndrome

Acute kidney ischemia or 
glomerulonephritis causing 
acute cardiac failure or 
ischemia

IV Chronic 
renocardiac 
syndrome

Chronic kidney disease 
contributing to decreased 
cardiac function

V Secondary 
cardiorenal 
syndrome

Systemic condition (e.g., 
diabetes mellitus, sepsis) 
causing both cardiac and renal 
dysfunction
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to deteriorated RV function in patients with 
renal dysfunction [20]. Worsening of right ven-
tricular contractile function may also lead to 
additional kidney malperfusion via increased 
renal venous pressure due to elevated CVP and/
or intraabdominal pressure due to severe asci-
tes. Both can directly reduce the net filtration 
pressure, resulting in a decrease in the effective 
glomerular filtration rate (eGFR). Early 
improvement of renal dysfunction after LVAD 
implant is usually transient in end-stage HF 
patients with pre-existing renal insufficiency, 
and renal dysfunction frequently recurs during 
prolonged MCS because of inadequate systemic 
decongestion, a lack of pulsatility, and RVD 
[21]. Although eGFR generally remains above 
preimplant levels during follow-up, an initial 
large increase is followed by a proportionally 
larger decline a couple of months after LVAD 
implantation.

Impairment of contractility after LVAD 
implant may have several mechanisms. The 5 
major mechanisms are likely as follows: (1) 
impairment of ventricular interdependence due 
to excessive left ventricular unloading, leftward 
septal shift, or left heart collapse, respectively; 
(2) the effect of pre-existing RVD; (3) the effect 
of advanced LVF with myocardial breakdown; 
(4) ventricular malign arrhythmias; and (5) the 
effect of CPB. Almost all patients with advanced 
LVF have PAH-induced subclinical right ven-
tricular impairment. Pre-existing RVD aggra-
vated by LVAD-dependent hemodynamic 
alterations limits postoperative hemodynamic 
adaptation of the RV and improvement of right 
ventricular contractile functions, and may be the 
main factor for the development of post-LVAD 
RVF. The intrinsic myocardial reserve of the RV 
is another key factor for right heart performance 
after LVAD implantation. In addition, various 
diseases directly damage the RV, such as con-
genital heart disease, myocarditis, arrhythmo-
genic right ventricular dysplasia, and coronary 
artery disease. The ongoing pathological process 
at the molecular level may cause late RVF: 
advanced LVF leads to myofibril derangement 
(reverse remodeling) and impairment of right 
ventricular contractile function, and reduced left 

ventricular contractility results in decreased the 
left ventricular contribution to the right ventricu-
lar systolic functions. Moreover, an LVAD can 
rapidly unload the LV, and may alter right ven-
tricular geometry, so that right ventricular con-
tractile functions are adversely affected despite 
decreasing pulmonary afterload. By contrast, 
excessive left ventricular unloading by an LVAD 
may result in a suction event and/or leftward 
septal shift, which causes bowing of the IVS into 
the LV that worsens right ventricular function as 
the RV becomes more spherical and aggravates 
TR. The worst situation is left heart collapse due 
to excessive hypovolemia in the LV, which can 
occur due to aggressive unloading by an 
LVAD. The left ventricular cavity then becomes 
smaller, new-onset subvalvular septal malposi-
tion creates subaortic stenosis, and the mitral 
valve apparatus shrinks on itself to form an 
intracardiac (left atrial) mass or thrombosis. 
Atrial tachyarrhythmia after LVAD implant 
occurs at a frequency of approximately 20% and 
can also impair right heart function [22]. 
Prolonged CPB time due to on-pump procedures 
on a beating heart (e.g., tricuspid annuloplasty, 
interatrial septal defect closure, aneurysmec-
tomy, or coronary bypass) may contribute to 
transient myocardial dysfunction, with on-pump 
procedures under the cross-clamp (e.g., aortic 
valve replacement) potentially causing addi-
tional myocardial injury with or without cardiac 
failure.

Afterload elevation secondary to left-sided 
pathologies causes RVD in patients with 
advanced LVF. Chronically high left ventricular 
enddiastolic pressure with or without MR, even-
tually increases the LAP and causes pulmonary 
venous hypertension. This in turn, causes reac-
tive pulmonary vasoconstriction that ends with 
secondary PAH.  Elevated PVR may also 
increase the pulmonary afterload and 
RVD. However, the response of the pulmonary 
bed to significantly reduced left ventricular fill-
ing pressures is variable. A non-touch surgical 
strategy for significant MR can also aggravate 
PAH, despite sufficient unloading of the LV 
after LVAD implant. Pathologic remodeling of 
the pulmonary vasculature, insufficient left  
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ventricular unloading, primary PAH, or a com-
bination of these may cause irreducible 
PVR. CPB-induced thromboxane A2 release and 
elevated of cytokine levels after blood product 
transfusion, respiratory dysfunction, infection, 
or other pulmonary complications may also 
increase the PVR.

Post-LVAD RVF consists of two venous-side 
hemodynamic dysfunctions. These are elevated 
afterload that reduces volume delivery from the 
RV to the LVAD and elevated preload that 
causes systemic venous congestion. Even if left 
ventricular support is adequate, sufficient oxy-
genated blood cannot be pumped into the body 
due to the inadequate right-sided CO, which 
causes hypovolemic left-sided LCOS similar to 
preoperative advanced LVF. Systemic tissue 
hypoperfusion aggravates cardiac and non-car-
diac organ failures to produce ischemic and bio-
chemical byproducts that gradually impair right 
ventricular function. Overloading the RV results 
in systemic venous congestion due to elevation 
of the right atrial pressure (RAP) and worsening 
of TR.  The severity of TR and the distorted 
geometry of the RV (increased short/long axis 
ratio) are primary predictors of RVD or the effi-
ciency of the reserve capacity of the 
RV.  However, the poor prognosis of patients 
with ‘significant TR and silent MR’ preopera-
tively compared to patients with ‘severe MR’ 
preoperatively reflects the predominant effect of 
significant TR over MR on RVD.  Residual 
severe post-LVAD MR can only impair right 
ventricular functions and cause high mortality 
through persistent or elevated PAH, when left 
ventricular unloading by the LVAD is inade-
quate. This process (pulmonary and systemic 
venous congestion plus insufficient CO) results 
in dyspnea, intestinal angina and malabsorption, 
renal insufficiency, peripheral edema, and also 
systemic tissue hypoperfusion. Hepatobiliary 
failure, coagulopathy, ascites, and anasarca 
edema are seen in the late stage of this pathol-
ogy, before irreversible end-organ damage 
develops. It should also be remembered that 
progressive right ventricular loading and left 
ventricular irritability by suction might lead to 
new-onset fatal tachyarrhythmias.

47.4	 �Preoperative Risk Evaluation

Post-LVAD RVF is associated with end-organ 
damage, prolonged hospital stays, more frequent 
readmissions, low quality of life, and reduced 
posttransplant survival. In the modern continu-
ous flow device era, despite several pathophysi-
ological processes being clarified, treatment 
options for severe RVF remain limited. Because 
RVF significantly increases perioperative and 
postoperative morbidity and mortality after 
LVAD implant, it is important to identify patients 
at elevated risk of post-LVAD RVF and to avert 
postoperative RVF by appropriate patient selec-
tion. Preoperative risk evaluation includes clini-
cal condition, echocardiographic and 
hemodynamic measurements, biochemical mark-
ers, and device selection (univentricular or biven-
tricular support). To detect high-risk candidates 
objectively, there are several risk scores devel-
oped based on combined multifactorial predic-
tors (Table 47.8) [23–31]. These scoring systems 
do not include intraoperative events because they 
are based on patients’ preoperative statuses. As 
new devices and management strategies have 
evolved over time, the validity of these risk 
scores has inevitably reduced [32]. However, 
uniform predictors have yet to be accepted 
widely, and the definition of RVF is often unclear; 
this is compounded by the fact that each patient 
should be assessed in detail according to his or 
her unique condition [33]. It is reasonable that 
patients with high-risk scores should be referred 
to alternative treatment methods such as HTx or 
operated after certain preparative therapies [34].

47.4.1	 �Clinical Condition

A poor preoperative clinical condition is related 
both to increased postoperative mortality and 
post-LVAD RVF (Table 47.9). Preoperative ino-
tropic dependence is the primary risk factor, with 
intra-aortic balloon pump (IABP) requirement 
with or without a t-MCS device, also associated 
with an increased risk. Patients with poor 
INTERMACS profiles more frequently need 
right-sided support after LVAD implantation 
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Table 47.8  Risk scores of post-LVAD RVF

Risk  
score Year

Clinical  
predictors

Biochemical 
markers

Hemodynamic 
predictors

Echocardiographic 
predictors

Criteria for 
post-LVAD RVF

Fitzpatrick 
et al.

2008 Previous cardiac 
surgery

Creatinine 
≥1.9 mg/dL

CI <2.2 L/min/
m2

RVSWI 
≤0.25 mmHg L/
m2

SBP ≤96 mmHg

Severe RVD RVAD

Matthews 
et al.

2008 Need for 
vasopressor

AST >80 IU/L
Bilirubin 
>2.0 mg/dL
Creatinine 
>2.3 mg/dL

RVAD
Inotropes 
>14 days
Inhaled nitric 
oxide ≥48 h
Inotrope 
requirement after 
discharge

Drakos et al. 2010 IABP requirement
Inotrope 
dependency
Obesity
Destination 
therapy
ACE/ARB usage
Beta-blocker usage

PVR RVAD
Inotropes 
>14 days
Inhaled nitric 
oxide ≥48 h

Kormos et al. 2010 Ventilator support BUN >39 mg/dL
Creatinine 
>1.7 mg/dL

RVSWI <300 
(mmHg/mL)/m2

CVP/PCWP 
>0.63
CVP >15 mmHg

RVAD
Inotropes 
>14 days
Need for inotrope 
after 
postoperative 
14 day (late onset 
RVF)

Wang et al 2012 Number of 
inotropic agents

INR
WBC
ALT

TPG
RAP

RVAD

Atluri et al. 2013 Heart rate >100
Preoperative 
intubation

Severe tricuspid 
regurgitation

CVP >15 mmHg Severe RVD RVAD

Aissaoui et al. 2015 INTERMACS <2 Em/SLAT ≥18.5
Basal RVEDD 
≥50 mm

RVAD

Loghmanpour 
et al.

2016 Late (>14 days) 
post-LVAD RVF
Peripheral edema
INTERMACS

Albumin
BNP

PVR
RVEF
CO
PAP
RAP

MR
TR
LVEED

RVAD

Bellavia et al. 2017 Mechanical 
intubation
Dialysis/CRRT

WBC, platelet
ALT, AST
INR
NT-proBNP

RVSWI
CVP

≥Moderate RVD
RV/LV diameter 
ratio
Low longitudinal sS 
of the RV free wall

ACE angiotensin converting enzyme, ALT alanine transaminase, ARB angiotensin receptor blocker, AST aspartate trans-
aminase, CI cardiac index, CRRT continuous renal replacement therapy, CVP central venous pressure, Em pulsed Doppler 
transmitral E wave, INR international normalized ratio, INTERMACS Interagency Registry for Mechanically Assisted 
Circulatory Support, LV left ventricle, LVAD left ventricular assist device, PCWP pulmonary capillary wedge pressure, 
NT-proBNP N-terminal pro-brain natriuretic peptide, PVR pulmonary vascular resistance, RAP right atrial pressure, RV 
right ventricle, RVAD right ventricular assist device, RVD right ventricular dysfunction, RVEDD right ventricular end-
diastolic diameter, RVF right ventricular failure, RVSWI right ventricular stroke work index, SLAT tissue Doppler lateral 
systolic velocity, SBP systolic blood pressure, sS systolic strain, TPG transpulmonary gradient, WBC white blood cell
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Table 47.9  Preoperative clinical predictors for develop-
ment of post-LVAD RVF

Inotrope independency (≥14 days) ± IABP 
(≥7 days) ± RVAD

INTERMACS status 1–2

Pre-existing RVD ≥ moderate (e.g., ascites, anasarca 
edema, or cardiac cirrhosis)

Malnutrition (hypoalbuminemia or cachexia)

Previous cardiac surgery

Mechanical ventilation

COPD

Continuous renal replacement therapy or dialysis

Advanced age

Frailty

Gender (female)

Obesity (BMI ≥30 kg/m2)

Non-ischemic etiology

BMI body mass index, COPD chronic obstructive pulmo-
nary disease, IABP intra-aortic balloon pump, 
INTERMACS Interagency Registry for Mechanically 
Assisted Circulatory Support, LVAD left ventricular assist 
device, RVAD right ventricular assist device, RVD right 
ventricular dysfunction, RVF right ventricular failure

compared to patients with better profiles 
(Table  47.10) [35]. Preoperative nutrition is 
another key factor for patient performance after 
LVAD implantation. Obesity-related complica-
tions, such as cor pulmonale and respiratory fail-
ure, might increase the incidence of RVD [26]. 
But, many patients with advanced biventricular 
HF suffer from cardiac cachexia. Low albumin 

levels indicate poor nutritional statuses and are 
reported to be a significant risk factor for post-
LVAD RVF [36]. In spite of clinicians are faced 
with older patients and have shown that advanced 
age is a risk factor, the precise role of age on 
post-LVAD RVF remains debatable. Pre-existing 
frailty (biological age rather than chronological 
age) is associated with higher mortality and mor-
bidity due to limited capacity for organ recovery 
and vulnerability to LVAD-related complications 
[37]. Previous cardiac surgery, gender, non-
ischemic etiology, and non-white ethnicity are 
other reported risk factors, but non have been 
confirmed consistently.

47.4.2	 �Echocardiographic Evaluation

Echocardiography is the simplest, but the most 
essential, imaging modality for determining pre-
existing RVD and diagnosing post-LVAD 
RVF. Additionally, it can show important accom-
panying cardiac pathologies, such as TR, aortic 
incompetence, and intracardiac shunts. Unlike 
the case for the LV, it is difficult to establish stan-
dardized norms for RV assessment because of its 
complex geometrical structure and retrosternal 
position, as well as pacemaker/device-related 
artifacts, especially when using a transthoracic 
approach. Although many parameters have been 
developed to describe right heart systolic and 
diastolic functions in adults, most have limited 
prognostic significance for post-LVAD RVF 
(Table 47.11) [38–42].

Accurate assessment of quantitative parame-
ters, especially the RVEF, is difficult on 2-D echo-
cardiography due to the complex geometry of the 
RV, the heavily trabeculated endocardial surface, 
the bellows-like contractile pattern, and the 
increased RV/LV ratio. Furthermore, the repro-
ducibility of these parameters is low because it is 
difficult to detect the right ventricular free wall 
and the precise endocardial border. The ability of 
3-D echocardiography to assess right ventricular 
volumes and RVEF quantitatively, similar to car-
diac magnetic resonance imaging, makes it a 
promising option for preoperative assessment 
among potential LVAD recipients [43]. TAPSE is 

Table 47.10  Interagency registry for mechanically 
assisted circulatory support

Status Clinical profiles

INTERMACS

1 Critical cardiogenic shock (crush and burn)

2 High dose intravenous inotropic support with 
or without t-MCS in instable condition

3 Low dose inotropic support with stable 
hemodynamics

4 Resting symptoms at home despite maximum 
oral therapy

5 Exertion intolerant

6 Exertion limited

7 Clinical stable advanced NYHA class III

INTERMACS Interagency Registry for Mechanically 
Assisted Circulatory Support, t-MCS temporary mechani-
cal circulatory support, NYHA New  York Heart 
Association Functional Classification
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the most basic and widely used echocardiographic 
parameter for assessing the systolic function of 
the RV and reflects right ventricular longitudinal 

systolic shortening. A very low TAPSE is a spe-
cific, but poorly sensitive predictor of post-LVAD 
RVF, especially when the RV is asymmetrically 
shaped due to inadequate presentation of global 
RVD. Despite a lack of standardization, both the 
strain and the strain rate have recently been high-
lighted as direct measures for assessing myocar-
dial contractility independently of ventricular 
morphology and loading. Indeed, depressed right 
ventricular global and free-wall longitudinal 
strains are strong predictors of post-LVAD RVF. A 
dilated inferior vena cava with decreased or lost 
collapsibility (Plethora +) in subcostal window 
views indicates elevated RAP, and therefore sug-
gests severe RVF. Tricuspid regurgitation is quite 
common in patients with pre-existing RVD, but 
its preoperative severity is often uncorrelated with 
post-LVAD RVF. In contrast to this, preoperative 
tricuspid annular dilatation (with or without 
severe TR) is not only a risk factor for postopera-
tive RVD but also a predictor of poor mid-term 
outcomes [44]. Preoperative MR has not been 
demonstrated as a risk factor for post-LVAD RVF.

47.4.3	 �Hemodynamic Measurements

Invasive hemodynamic measurements focused 
on right heart function are recommended before 
implantation in all LVAD candidates (Table 47.12) 
[45]. Cardiac catheterization objectively reveals 
right and left filling pressures and hemodynamic 
evaluation demonstrates right ventricular preload 
and afterload. Moreover, information on right 
ventricular contractile functions can be obtained 
from these measurements. When taking measure-
ments, it should be kept in mind that hemody-
namic data may vary by volume status and by 
inotropic and vasodilator treatments, and that 
results reflect only the present profile of a patient. 
Therefore, cardiac catheterization should be 
repeated at regular intervals (e.g., annually) to 
detect hemodynamic alterations that occur over 
time.

Progression of left ventricular damage is lia-
ble for probable post-LVAD RVF.  Therefore, 
end-stage HF patients with poor CIs are 
at  increased risk of RVF, even though this 

Table 47.11  Echocardiographic predictors of post-
LVAD RVF

Parameters
Normal 
value

Diagnostic  
value

(1)  M-mode

 � (a)  TAPSE ≥16 mm <10 mm

(2)  Two-dimensional measurements

 � (a)  LVEF >60% <20%

 � (b)  RVEF ≥45% <30%

 � (c)  LAD/LVEDD >2/3

 � (d)  LVEDD <50 mm ≥75 mm

 � (e) � LA volume 
index

<34 mL/m2 >38 mL/m2

 � (f)  RAD <40 mm >50 mm

 � (g) � RVEDD 
(parasternal/
basal)

<35/40 mm >35/45 mm

 � (h)  RV short/long 
axis

<0.5 >0.6

 � (i)  RVEDD/
LVEDD

<0.6 >0.75

 � (j)  RVFAC ≥35% <35%

 � (k)  TA diameter <40 mm >43 mm (≥ 
23 mm/m2)

 � (l)  IVC diameter ≤15 mm >2.1 mm

 � (m) � IVC collapse 
with sniff

≥50% <50%

(3)  Tissue Doppler

 � (a)  RV S’ ≥10 cm/s <5 cm/s

 � (b)  RV-E/E’ ≤6 >10

 � (c)  Em/SLAT ≥18.5

(4)  Speckle tracking imaging

 � (a) � RV peak lateral 
longitudinal 
strain

< −20% > −9%

 � (b) � RV peak global 
longitudinal 
strain

< −25% > −12%

E/E’ trans-tricuspid filling velocity/early diastolic velocity 
ratio, Em pulsed Doppler transmitral E wave, IVC inferior 
vena cava, LA left atrium, LAD left atrial diameter, LV left 
ventricle, LVAD left ventricular assist device, LVEDD left 
ventricle end-diastolic diameter, RA right atrial diameter, 
RV right ventricle, RVEED right ventricular end-diastolic 
diameter, RVEF right ventricular ejection fraction, RVF 
right ventricular failure, RVFAC right ventricular fractional 
area change, RV S’ tricuspid annular systolic velocity, SLAT 
tissue Doppler lateral systolic velocity, TA tricuspid annu-
lus, TAPSE tricuspid annular plane systolic excursion
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assessment does not directly reveal right ventric-
ular contractile functions. Most patients, who 
develop post-LVAD RVF, have elevated filling 
pressures preoperatively; elevated CVP accom-
panied by low PCWP is especially correlated 
with an increased risk of post-LVAD RVF.  A 
more specific parameter, the RVSWI indicates 
the intrinsic function of the RV.  Although the 
RVSWI is considered to reflect right ventricular 
contractile function almost directly, it relies on 
preload-dependent calculations that limit its 
prognostic value [46]. However, low RVSWI is 
certainly as a predictor for post-LVAD RVF.

Pre-existing PVR elevation is the most widely 
used risk factor for evaluating RVF before LVAD 
implantation, and its prognostic value is also 
valuable as a predictor of post-LVAD 
RVF. Improvement in pulmonary vascular over-
loading courtesy of significant left ventricular 
unloading after LVAD implant also results in a 
dramatic decrease in the PVR. This points to the 
reversibility of PAH and to the possible suitabil-

ity for HTx (i.e., bridge to candidate). By con-
trast, continued elevation of the PVR indicates 
irreversibility (i.e., bridge to destination). A 
reduced pulmonary arterial capacitance index 
(PACi) is a better prognostic parameter than the 
PVR in patients with advanced LVF and pre-
existing PAH, because the PVR may be insensi-
tive to pulmonary vascular stiffening due to 
chronically elevated LAP [47]. Patients with a 
reduced PACi can have limited right ventricular 
reserve due to chronic pulsatile loading, which 
obstructs forward flow and results in a deteriora-
tion in RVF. At the same time, patients with a low 
PACi and higher CVP/PCWP ratio have an 
increased risk for post-LVAD RVF than patients 
with high PACi associated with a lower CVP/
PCWP, which presents an adequate right heart 
response against pulsatile loading. The pulmo-
nary artery pulsatility index (PAPi) is a novel 
invasive hemodynamic index that is a robust, 
independent predictor of post-LVAD RVF or the 
need for right heart MCS, especially in patients 

Table 47.12  Hemodynamic predictors for post-LVAD RVF

Parameters Normal value Diagnostic value

SV (EDV − ESV) (=CO/HR) 60–100 mL/beat <50 mL/beat

SVI (=CI/HR) 35–47 mL/beat/m2

CO (=SV × HR) 4–8 L/min <3.5 L/min

CI (=CO/BSA) 2.5–4 L/min/m2 <2 L/min/m2

Mixed venous oxygen saturation 60–80% <55%

mABP ≥70 mmHg ≤60 mmHg

sPAP 15–30 mmHg ≥50 mmHg

CVP (=RAP) 2–6 mmHg ≥16 mmHg

PCWP 6–12 mmHg ≤18 mmHg

CVP/PCWP <1/2 >2/3

PAPP (=sPAP − dPAP)

mPAP ≤18 mmHg ≥25 mmHg

TPG (=mPAP − PCWP) 12 mmHg >12 mmHg

DPG (=dPAP − PCWP) ≤7 mmHg >7 mmHg

PVR [=80 × (TPG/CO)] <250 dynes-s/cm5 >250 dynes-s/cm5 (≥3 wood)

RVSWI  [=SVI × (mPAP − RAP) × 0.0136] 5–10 g/m2/beat <4.4 g/m2/beat

PAPi (=PAPP/RAP) >3.5 <2

PACi [=SV/PAPP/BSA] >1 mL/mmHg/m2 <0.85 mL/mmHg/m2

mABP mean arterial blood pressure, BSA body surface area, CI cardiac index, CO cardiac output, CVP central venous 
pressure, EDV end-diastolic volume, ESV end-systolic volume, HR heart rate, LVAD left ventricular assist device, d/m/
sPAP diastolic/mean/systolic pulmonary artery pressure, PACi pulmonary arterial compliance index, PAPi pulmonary 
artery pulsatility index, PAPP pulmonary artery pulse pressure, PCWP pulmonary capillary wedge pressure, PVR pul-
monary vascular resistance, RAP right atrial pressure, RVF right ventricular failure, RVSWI right ventricular stroke work 
index, SV stroke volume, SVI stroke volume index, TPG transpulmonary gradient
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receiving inotropes, and it remains valid 
regardless of the catheterization timing [48]. 
PAPi also indicates the severity of post-LVAD 
RVF [49]. Patients with slightly elevated pulmo-
nary artery pressures (PAPs) despite a significant 
increase in PCWP (i.e., low TPG) need at least 
right-sided MCS after LVAD implant.

47.4.4	 �Biochemical Markers

Long-standing end-stage HF is usually present 
with several grades end-organ dysfunction 
caused by systemic hypoperfusion or venous 
congestion. End-organ damage is represented 
through elevations in several biochemical mark-
ers from cardiac and non-cardiac tissues, second-
ary to end-stage HF, and can be used to stratify 
patients at increased risk, to detect early signs of 
prognosis and treatment efficacy, and to select 
potential patients most likely to benefit from a 
given therapy (Table 47.13) [50–54]. Alone, they 
are not specific for cardiac failure, especially for 
RVF, but they can be meaningful predictors for 
post-LVAD RVF when interpreted in the context 
of echocardiographic and hemodynamic param-
eters showing HF. Biomarkers are available that 
reflect important and common pathophysiologi-
cal processes in HF, but novel biomarkers are 
needed to improve the guidance of novel molecu-
lar targeted therapies for end-stage HF and post-
LVAD RVF [55, 56].

The natriuretic peptides, with natriuretic, 
diuretic, and vasodilator effects, are the most 
important biomarkers of the existence, severity, 
and prognosis of decompensated end-stage HF. 
Atrial natriuretic peptide (ANP) is produced 
from atrial myocytes and brain natriuretic pep-
tide (BNP) is mostly produced from ventricular 
myocytes [57]. Both are excreted in response to 
myocardial stretch caused by pressure and vol-
ume overload. However, the more durable mid-
regional zone prohormone ANP (MR-proANP) 
and N-terminale prohormone BNP 
(NT-proBNP) can be detected more easily in 
the circulation and have greater diagnostic 
value. Using age-stratified cutoff levels for 

Table 47.13  Biochemical predictors for post-LVAD 
RVF by pre-existing RVD in long-standing end-stage HF 
patients

Normal 
value Diagnostic value

A.  Myocardial damage biomarkers

 � (a)  Myocardial stretch biomarkers

 �   BNP <10 pg/
mL

≥100 pg/mL

 �   NT-proBNP <450 pg/
mL

≥1200 pg/mL

 �   MR-proANP <10 pg/
mL

≥300 pg/mL

 � (b)  Myocardial injury biomarkers

 �   hsTnT <5 pg/mL ≥14 pg/mL

 �   hsTnI <5 pg/mL ≥30 pg/mL

 � (c)  Oxidative injury biomarkers

 �   Myeloperoxidase

 �   MR-proADM

 �   Oxidize LDLs

B.  Cardiac remodeling biomarkers

 � (a)  Inflammation

 �   CRP

 �   Adinopectin

 �   TNF-α
 �   Interleukins

 � �  Chemokine receptor downregulation (CCR3, 
CCR4, CCR6, CCR7, CCR8)

 �   Osteoprotegerin

 � (b)  Hypertrophy/fibrosis

 �   Collagen propeptides

 �   Soluble ST2

 �   Galectin 3

 � (c)  Apoptosis

 �   GDF-15

C.  End-organ damage biomarkers

 � (a)  Hepatic injury biomarkers

 �   AST <40 IU/L >80 IU/L 
(>2 × basal 
level)

 �   ALT <40 IU/L >80 IU/L

 �   Bilirubin <1 mg/dL >2.0 mg/dL

 �   INR <1.1 >1.5 (>50% 
basal level)

 �   Albumin >3.5 g/dL <3.0 g/dL

 � (b)  Renal damage biomarkers

 �   Creatinine <1.2 mg/
dL

≥2.0 mg/dL

 �   BUN <25 mg/
dL

≥40 mg/dL
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NT-proBNP (because serum concentrations 
increase with age) further improves the positive 
predictivity for acute cardiac failure, whereas 
it’s acceptable cutoff level for chronic end-
stage HF is even higher. Several clinical condi-
tions are also known to affect NT-proBNP 
levels without causing obviously symptomatic 
cardiac failure. These include renal dysfunction 
(decreasing clearance), arrhythmias (increasing 
extraction), cardiotoxic agents, obesity (sup-
pressing release), and heart muscles diseases 
(rising production).

Cardiac troponins T (TnT) and I (TnI) are the 
best diagnostic markers for acute myocardial 
injury. Furthermore, high-sensitive assays of 
both biomarkers can be used to detect cardiovas-
cular and all-cause mortality risks in patients 
without acute cardiac injury such as those with 
chronic HF [58]. Basal elevations of cardiac tro-
ponin concentrations are associated with an 
increased risk for cardiovascular and all-cause 
mortality in the general population [59]. When 
detectable cardiac troponin levels by high-
sensitive assay (hsTnT and hsTnI) exceed the 
99th percentile of the reference population, there 
is a strong association with adverse cardiac out-
comes and a threefold increase in the cardiovas-
cular risk [60]. By contrast, minimally detectable 
levels (<5  pg/mL) have no strong association 
(1.3-fold) with cardiovascular risk, because they 
can also be physiological and reflect myocardial 
cell turnover and apoptosis within the normally 
aging heart.

Adrenomedullin is a potent vasodilator that 
induces NO synthesis under myocardial stress 
associated with a decreased LVEF, increased 
PAPs and diastolic dysfunction. This functions as 
a compensatory mechanism to reduce PCWP and 
improves the CI [61]. Mid-regional pro-
adrenomedullin (MR-proADM) has a strong cor-
relation with the global disease burden in 
end-stage HF and is a potent prognostic indicator 
for both cardiac and non-cardiac death.

Several inflammatory markers with prognos-
tic and therapeutic inferences arise during the 
end-stage of HF. Injury of cellular elements trig-
gers a proinflammatory state that causes further 
injury to cellular elements, including cardiomy-
ocytes. The main predictors for release of these 
mediators are LCOS, pulmonary congestion, and 
systemic congestion, which mitigate the effects 
of myocardial stress and maladaptive cardiac 
remodeling. Several cytokines stimulate fibro-
blasts and initiate a process of collagen deposi-
tion in the cardiac interstitium (reactive 
interstitial fibrosis), which blocks cardiomyo-
cyte oxygenation by constricting capillaries and 
triggering apoptosis. Abnormal chemokine acti-
vation (chemotactic cytokines) via chemokine 
receptors in the immunopathogenesis of HF 
plays a key role in modulating the cardiac 
response, and downregulation of these receptors 
in LVAD patients may be associated with worse 
post-implant RVF [62].

Renal dysfunction can depend on hypoperfu-
sion, kidney tissue-congestion, pre-existing renal 
insufficiency, renotoxic treatment, or renal 
venous pressure elevation due to increased right-
sided filling and/or intraabdominal pressures, and 
these processes can occur before or after LVAD 
implantation. Pre-existing renal dysfunction has 
an interesting behavior after LVAD implant. On 
the one hand, an effective glomerular filtration 
rate (eGFR) <60 mL/min/m2 and renal perfusion 
will increase thanks to increased left-sided CO in 
the first month, before declining to the baseline 
level over the following 3  years. On the other 
hand, an eGFR >60 mL/min/m2 will decline after 
the first month and remain worse than baseline 
over the following 3  years [63]. Elevated renal 

Table 47.13  (continued)

Normal 
value Diagnostic value

 �   NGAL <100 ng/
mL

>100 ng/mL

ALT alanine aminotransferase, AST aspartate aminotrans-
ferase, BUN blood urea nitrogen, CRP C-reactive protein, 
GDF growth differentiation factor, HF heart failure, INR 
international normalized ratio, LDL low density lipopro-
tein, LVAD left ventricular assist device, MR-proANP 
mid-regional pro-atrial natriuretic peptide, NGAL neutro-
phil gelatinase-associated lipocalin, NT-proBNP 
N-terminal pro-brain natriuretic peptide, RVD right ven-
tricular dysfunction, RVF right ventricular failure, hs-Tn 
high-sensitive troponin, TNF tumor necrosis factor
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biomarkers are important predictors for RVF, but 
they can also be used to indicate diuretic resis-
tance, possible chronic renal disease, systemic 
hypoperfusion, and volume overload. Neutrophil 
gelatinase-associated lipocalin (NGAL) is a 
novel serum biomarker that can be used as an 
early predictor of renal failure, and has been 
shown to have a greater link to renal recovery 
after LVAD implant than serum creatinine [64].

Hepatic dysfunction caused by chronic CVP 
elevation, proinflammatory cytokine upregulation, 
and oxidative stress is a serious complication in 
patients with long-standing end-stage HF. Hepatic 
dysfunction begins asymptomatically with well-
known laboratory abnormalities, but further pro-
gression of hepatic dysfunction and fibrotic 
transformation result in cardiac cirrhosis as the dis-
ease advances. The non-elastic capsule around the 
liver does not allow for the absorption of the ele-
vated right heart filling pressures by the liver, and 
the resulting liver congestion causes hepatic stiff-
ness, which can be used to indicate the severity of 
RVF [65]. However, hepatic stiffness may not 
resolve after treatment and can remain a significant 
predictor for post-LVAD RVF or irreversibility of 
hepatic injury, despite significant reduction of pul-
monary afterload following successfully left-sided 
unloading by LVAD. The best marker of malnutri-
tion, inflammation, hepatic dysfunction, and the 
overall catabolic state is hypoalbuminemia, which 
also predicts poor short- and long-term outcomes 
in patients with end-stage HF [36].

47.5	 �Management

The use of LVADs is now accepted as a mechani-
cal supportive therapy for end-stage HF patients, 
especially as a bridge to HTx. After proving its 
therapeutic efficacy in non-HTx candidates, the 
implantation rate of these devices as a destination 
therapy has increased logarithmically in the last 
two decades. Successful decompression of the 
LV, as well as optimization of left-sided CO and 
peripheral perfusion, not only improve early- and 
long-term survival but also improve the quality 
of life of that survival, thanks to the amelioration 
of end-organ dysfunction. Furthermore, new 

devices have been developed that have reduced 
the rates of device-related complications such as 
bleeding, infection, malfunction, and thrombosis. 
However, the ability of LVADs to unload the RV 
and improve its functions remains controversial, 
primarily because LVAD therapy can cause post-
LVAD RVF, which has a dramatic effect on post-
operative morbidity and mortality. At the same 
time, effective LVAD treatment is the primary 
driver of improved right ventricular function 
through the resulting significant reduction in pul-
monary afterload. Therefore, appropriate patients 
selection is the most important factor for predict-
ing, preventing, and treating post-LVAD RVF, 
regardless of whether there is pre-existing 
RVD. The management of post-LVAD RVF can 
be more difficult, for example, in patients with 
pre-existing significant PAH and PVR [66]. A 
sound interdisciplinary approach, involving sur-
geons, cardiologists, anesthesiologists, critical 
care staffs, and nursing staffs, is therefore key 
issue to effective management.

In our clinic, specific treatment modalities, 
maneuvers, and techniques are preferred for opti-
mizing patients with advanced LVF before LVAD 
implantation, managing them intraoperatively, 
and maintaining hemodynamic stability postop-
eratively. A few critical points during LVAD 
implantation positively influence the overall pro-
cedure (Table 47.14).

Table 47.14  Individual recommendations for managing 
LVAD patients against RVF

I. Preoperative patient selection and management

 � A. �Preoperative appropriately compensated clinical 
condition (advanced LVF with compensated 
RVD)

 �   1. �NYHA class ≤IIIb without anasarca and 
peripheral edema at least 7 days

 �   2. INTERMACS status 3–4 (–5)

 �   3. Hospitalization for cardiac rehabilitation

 �     a. Stabilization for pre-existing RVD with PCS

 �       (i)   Diuretic

 �       (ii)  Renodilator (dopamine)

 �       (iii) �Pulmonary vasodilator (sildenafil, 
iloprost)

 �       (iv) Digoxin

 �       (v) Inotrope (dobutamine, levosimendan)
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Table 47.14  (continued)

 �       (vi) �Fluid removal (ultrafiltration, 
paracentesis, thoracentesis)

 �     b. �Stabilization for advanced LVF with 
t-MCHS

 �       (i) IABP

 �     c. �Stabilization for biventricular failure with 
t-MCS

 �       (i)  ECCPS (respiratory insufficiency)

 �          (i) va-ECMO (≤7 days)

 �          (ii) va-a-ECMO (>7 days)

 �       (ii) ECCS (respiratory competence)

 �           (i) �Biventricular-ECCS (LV-bypass and 
RV-bypass circuits)

 � B. Echocardiographic evaluation

 �   1. LVEDD (>60 mm)

 �   2. TAPSE (>10 mm)

 �   3. Aortic valve coaptation (no AR)

 �   4. Tricuspid valve coaptation with TA diameter

 �   5. Interatrial shunt

 �   6. Intracardiac thrombosis

 � C. Hemodynamic measurements

 �    a. CI <2 L/min/m2

 �    b. PVR >3 woods

 �    c. CVP ≤15 mmHg

 �    d. PCWP ≥18 mmHg

 � D. End-organ functions’ improvement

 �    a. �Nutritional adequacy (albumin ≥3.5 g/dL, Na+ 
>135 mEq/L)

 �    b. �Hepatic performance (bilirubin ≤2 mg/dL, 
AST and ALT <40 IU/L)

 �    c. Renal performance (creatinine ≤1.5 mg/dL)

 �    d. �Hematological suitability (Hct >30%, HGb 
>10 g/dL, platelet >100,000)

 �    e. �Hemorrhagical competence (INR <1.5, ACT 
<140 s)

 � E. Infection parameters

 �     a. Procalcitonin

 �     b. CRP

 �     c. Sedimentation

II. Intraoperative management

 � A. �Anesthesia-related complications (hypoxia, 
hypercarbia, acidosis)

 � B. Surgical process adequacy

 �   1. Intervention

 �     a. Primary

 �     b. Re-operation

 �   2. Surgical approach

 �     a. Full sternotomy

 �     b. �Anterior left thoracotomy + reverse-T upper 
mini sternotomy

Table 47.14  (continued)

 �   3. Implantation

 �     a. On-pump

 �     b. Off-pump

 �     c. On- and off-pump

 �   4. Outflow graft anastomosis

 �     a. Ascending aorta

 �     b. Descending aorta

 �   5. Augmentation of LVAD

 � C. Post-implant medication

 �   1. Inotropes

 �   2. Vasodilators

 �   3. Anticoagulation

III. Postoperatively

 �   A. �Adequacy of left ventricular and septal systolic 
contractile functions

    �B. Effective pulmonary vasodilatation

 �   C. Prevention of bleeding

 �   D. Close monitoring of hemodynamic parameters

 �   E. Early extubation and mobilization

 �   F. Vigilance for any grade post-LVAD RVF

    �G. �Multi-agents medical oral therapy with 
individualized daily dosages

 �   1. Digoxin 0.125 mg (1 × 1)

 �   2. Sildenafil 10–20 mg (3 × 1)

 �   3. Isosorbide mononitrate 50 mg (1 × 1)

 �   4. Furosemide 20 mg (1–2 × 1)

 �   5.  �Sacubitril/Valsartan 
(ARNI)

24/26 mg (2 × ½–1)

 �   6. Warfarin INR ≈ 2

 �   7. Acetylsalicylic acid 300 mg (1 × 1)

 �   8. Clopidogrel 75 mg (1 × 1)

ACT accelerated clotting time, ALT alanine aminotransfer-
ase, AR aortic regurgitation, ARNI angiotensin II receptor 
rlocker neprilysin inhibitor, AST aspartate aminotransferase, 
CI cardiac index, ECCPS extracorporeal cardiopulmonary 
support, ECCS extracorporeal circulatory support, ECMO 
extracorporeal membranous oxygenation, HGb hemoglobin, 
IABP intra-aortic balloon pump, INR international normal-
ized ratio, INTERMACS Interagency Registry for 
Mechanically Assisted Circulatory Support, LCOS low car-
diac output syndrome, LVAD left ventricular assist device, 
LVEED left ventricular end-diastolic diameter, LVF left ven-
tricular failure, t-MCS temporary mechanical circulatory 
support, t-MCHS temporary mechanical counterpulsatile 
hemodynamic support, MR mitral regurgitation, Na+ sodium, 
NYHA New York Heart Association, PCS pharmacologic cir-
culatory support, PFO patent foramen ovale, PHT pulmo-
nary arterial hypertension, PVR pulmonary vascular 
resistance, RVD right ventricular dysfunction, RVF right ven-
tricular failure, TA tricuspid annulus, TAPSE tricuspid annu-
lar plane systolic excursion, TR tricuspid regurgitation
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47.5.1	 �Preoperatively

The development of post-LVAD RVF is closely 
related to patients’ clinical conditions before sur-
gery. Therefore, patients with RVD should be 
hospitalized for aggressive control before LVAD 
implantation, ensuring therapy optimizes right 
ventricular function before RVF develops or 
worsens. Cardiac rehabilitation alone is rarely 
sufficient for clinical recovery, so end-organ dys-
functions must be treated aggressively until 
LVAD implantation, according to the clinical sit-
uation of patients. Optimization of volume status 
is important for every patient, and diuresis and/or 
ultrafiltration must be regulated to reduce filling 
pressures on both sides and achieve a CVP 
<15  mmHg and PCWP <18  mmHg. Diuretic 
therapy is usually started with oral medication, 
although intravenous infusions are preferable 
during hospitalization because they have greater 
therapeutic efficacy. Daily follow-up of body 
weight, urine count, and fluid and sodium intake 
is essential when monitoring patients with pre-
existing RVD. If diuretic therapy becomes inef-
fective or is associates with congestive symptoms 
(e.g., gastrointestinal angina, abdominal swell-
ing, hepatomegaly, peripheral edema, or ascites), 
inotropic support can help to improve biventricu-
lar cardiac contractile function and ameliorate 
organ hypoperfusion during preoperative period. 
Different candidates for LVAD have different 
grades of RVD, and all receive standard treat-
ment for congestive HF, including inotropes and 
pulmonary vasodilators, when they are referred 
to surgery. Inotropic support is initially provided 
via intravenous dobutamine with or without mil-
rinone, which is a suitable option for decreasing 
pulmonary pressures and improving right ven-
tricular performance. Sildenafil can also lead to a 
sufficiently significant decrease in the PAPs and 
PVR in patients with pre-existing PVR elevation 
before the LVAD is implanted [67]. Despite the 
direct effects of sildenafil on right ventricular 
contractility being uncertain, it is expected that 
there will be a significant improvement in the 
TAPSE caused by a reduction in the pulmonary 
afterload. Sildenafil therapy is generally used 
preoperatively, but it can also be continued post-

operatively and during long-term follow-up. 
Elective IABP use can maintain significant car-
diac support in severely ill candidates, and 
recover pre-existing RVD by unloading the LV, 
reducing PAPs, and increasing organ perfusion 
[68]. The preoperative INTERMACS scores of 
patients are closely related to mortality after 
LVAD treatment, and using t-MCS as bridge to 
LVAD can be more plausible than direct LVAD 
implantation in patients with high-risk 
INTERMACS profiles, such as those with car-
diogenic shock [1].

47.5.2	 �Intraoperatively

For effective intraoperative management of 
LVAD implantation, strong and established task-
sharing mechanisms should be in place for the 
transplant team at every stage of the operation. 
These include carefully anesthetic induction, 
invasive hemodynamic monitoring, real-time 
transesophageal echocardiography (TEE), opti-
mal surgical techniques, weaning procedures, 
bleeding control, post-implant inotropic and pul-
monary vasodilator management, and transfer to 
the intensive care unit.

Patients with advanced LVF who undergo 
LVAD implantation often have borderline hemo-
dynamic statuses when they arrive in the operat-
ing room, and can be very sensitive to 
anesthesia-related fluctuations in hypoxia, hyper-
carbia, and acidosis. To protect the RV, avoidance 
of hypercapnic acidosis and hypoxic pulmonary 
vasoconstriction is very important during induc-
tion and after the procedure. Any excessive adren-
ergic stimulation should be managed to prevent 
LCOS caused by acute increases in the pulmonary 
afterload (i.e., acute PAH crises) and/or systemic 
afterload (i.e., by peripheral vasoconstriction), 
coldness in the operating room, exaggerated 
excitement, or extreme disturbance by percutane-
ous intravascular monitoring. Pulmonary artery 
catheterization is a basic and useful way to main-
tain minute-to-minute hemodynamic monitoring 
(e.g., CVP, PCWP, and mixed venous oxygen 
saturation). Detailed evaluation by TEE should be 
started immediately after induction to identify 
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aortic valve competency, intracardiac defects, tri-
cuspid valve function, and any unknown cardiac 
pathologies. Device location, insertion, and posi-
tioning are performed under TEE guidance intra-
operatively. Excessive fluid replacement should 
be avoided, as in standard cases, to prevent right 
ventricular overload, and fluid replacement 
should be done judiciously according to the 
hemodynamic parameters, TEE, and direct obser-
vation of the RV.

The precise surgical implantation technique 
varies according to the surgeons preferred 
approach. The least undesirable process is CPB, 
which can be mostly associated with elevated 
PVR, increased systemic inflammatory response, 
bleeding, kidney dysfunction, and lung dysfunc-
tion, and postoperative RVD.  To avoid the side 
effects of prolonged CPB with or without aortic 
cross-clamping and cardioplegic arrest, the CPB 
period should be kept as short as possible.

On-pump implantation of LVADs, with or 
without cross-clamping the aorta, is the pre-
ferred approach for LVAD implantation with 
other cardiac procedures. All additional intra-
cardiac surgical procedures, such as tricuspid 
annuloplasty, interatrial septal defect closure, 
and left ventricular aneurysmectomy with or 
without thrombectomy, can be performed on-
pump without cardiac arrest (on the beating 
heart) if accompanied by full CPB perfusion; 
this keeps the aortic valve tightly closed and 
unloads the left heart very effectively when 
both venous cannulas are tightly snared. The 
left ventricular apex should be elevated during 
LVAD implantation performed through full 
median sternotomy, and CPB should be used to 
prevent left heart overloading, LCOS, and RVF 
during elevation.

To minimize the CPB time and avoid aortic 
cross-clamping, most implants that are done 
without an accompanying procedure can be per-
formed off-pump, with only direct insertion of 
the device inflow cannula needing to be per-
formed on-pump. Our preferred technique to 
implant an LVAD without additional cardiac pro-
cedure is left anterior thoracotomy, which is fea-
sible and facilitated for off-pump surgery, 
combined with a reverse-T ministernotomy to 

anastomose the outflow graft to the proximal 
ascending aorta. This strategy allows to easy and 
full access to the left ventricular apex without 
changing the shape or location of the heart 
(though with appropriate position change of the 
operating table) during placing sutures for device 
implantation. The device insertion can be per-
formed either on-pump or off-pump according to 
the surgeon preference.

Weaning from CPB is perhaps the most criti-
cal part of the operation. It should be performed 
under TEE-guidance to give detailed information 
about the global right ventricular function, IVS 
position, aortic valve opening, LV unloading, 
inflow position, and other valve functions. Before 
weaning, adequate pharmacologic support should 
be started using inodilators, inotropes, vasodila-
tors, and vasoconstrictors. To start weaning, the 
LVAD is turned on and its flow speed is set at the 
lowest flow rate while the outflow graft is 
clamped. At this stage, de-airing of the LVAD 
and LV can be confirmed by detecting air bubbles 
with the aid of TEE, before both the partial aortic 
cross-clamp and full occlusion graft clamp are 
removed. When weaning starts, the main goal is 
then to balance MCS by CPB and LVAD without 
causing a shift of the IVS through inadequate 
(rightward shifting) or excessive (leftward shift-
ing) unloading of the LV (Fig. 47.3). Both situa-
tions can cause massive hyperacute post-LVAD 
RVF due to decreased contribution of septal con-
tractions to the RV and massive overloading or 
unloading of the LV. The best weaning protocol is 
to decrease the CPB machine form maximal flow 
to patient-specific full flow, then to ¾, ½, and ¼ 
flow, while increasing LVAD flow in the opposite 
direction. During calibration, pump speeds and 
CO should be adjusted to keep the IVS in the 
midline position, ensuring optimal loading of 
both ventricles. To prevent contractile assistance 
of the LV and IVS in the operating room, the rate 
of aortic valve opening should be at least 1:3, 
though preferably 1:1. The fluid status of the 
patient can be closely monitored using TEE and 
hemodynamic parameters, aiming to keep the 
CVP <15  mmHg (ideally between 10 and 
12  mmHg) after CPB is discontinued. Fluid 
replacement, blood, and products are given very 
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carefully to avoid overloading the RV.  Device 
malposition or excessive suction can cause 
inadequate unloading of the LV, can restrain the 
desired drop in filling pressures, and can cause 
continuity of elevated pulmonary afterload. 
Inappropriate short outflow grafts result in dia-
stolic dysfunction by applying external pressure 
to the RV, whereas kinking or external tension by 
the sternum or surrounding tissue causes outflow 
graft compression, decreases or blocks LVAD 
flow, and results in LV overloading and systemic 
hypotension.

Tricuspid regurgitation, which causes sys-
temic venous congestion and volume overload in 
the RV, is a common pathology in advanced 
LVF; moreover, the presence of TR associated 
with tricuspid annular dilatation is a possible 

risk factor for post-LVAD RVF [69]. Patients 
with advanced LVF most often suffer from pro-
gressive tricuspid annular enlargement and tri-
cuspid valve leaflet tethering due to right 
ventricular enlargement (i.e., functional or sec-
ondary TR). Recommended surgical repair of 
moderate or severe TR with annular dilation is 
an acceptable treatment to reduce volume load-
ing, improve right ventricular contractility, and 
break the vicious circle of progressive right ven-
tricular enlargement [70]. However, several 
studies have been unable to demonstrate any sig-
nificant relationship between tricuspid repair for 
any grade of pre-existing TR and early postop-
erative outcomes [71, 72]. There was also no sig-
nificant difference in survival between patients 
who received tricuspid repair and those who did 

leftward septal shift

Possible reasons:

High pump speed (excessive LV unloading)

Volume overloading (excessive fluid replacement)

RVD-exacerbation

RVOT occlusion by tamponade or tubular graft

Possible reasons:

Low pump speed (inadequate LV unloading)

Volume unloading (bleeding, excessive diuresis)

Kinking or thrombosis of tubular graft

Mechanical device dysfunction

Result:

Acute over-expansion of the RV (low pulmonary afterload)

RHF+LHF-symptoms (venous congestion + hypotension)

Result

Acute over-distension of the RV (high pulmonary afterload)

LHF-symptoms (hypotension)

Management:

Decrease pump speed

Diuresis and/or ultrafiltration to decrease CVP

Consider aggressive treatment of RVF

Reoperation for tamponade

Management:

Increase pump speed

Volume replacement to increase CVP

Confirm position of inflow cannula

Reoperation for malfunction

rightward septal shift

Fig. 47.3  The effects of the interventricular septum posi-
tion. CVP central venous pressure, LHF left heart failure, 
LV left ventricle, LVD left ventricular dysfunction, RV 

right ventricle, RHF right heart failure, RVD right ven-
tricular dysfunction, RVF right ventricular failure
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not for pre-existing moderate TR [73]. By con-
trast, previous pacemaker lead insertion through 
the tricuspid valve can cause significant TR 
without annular dilatation via leaflet rupture or  
coaptation defect, thereby necessitating surgical 
exploration. There are two different surgical pro-
cedures for TR, with no consensus on the opti-
mal surgical approach: tricuspid ring or suture 
annuloplasty. The tricuspid 3-dimensional rigid 
annuloplasty ring is the preferred approach in 
LVAD surgery, although the DeVega suture 
annuloplasty technique is another plausible 
approach that has a shorter CPB time and accept-
able durability [74]. Despite the potential bene-
fits to RV function, concomitant tricuspid 
surgery is associated with longer CPB times, 
postoperative renal failure, higher number of 
transfusion of blood products, and re-explora-
tion for bleeding. In addition, tricuspid valve 
replacement is generally not recommended 
because of the need for prolonged CPB, but if 
repair is likely to be unsuccessful, the tricuspid 
valve should be replaced to prevent massive 
TR. Treatment of significant TR is the key point 
to prevent right-sided congestive signs and 
symptoms during post-discharge follow-up.

Patients with pre-existing RVD require inotro-
pic and pulmonary vasodilator support to wean 
successfully from bypass and to maintain optimal 
hemodynamic parameters. All intravenous infu-
sions should start before the outflow graft 
anastomosis.

Dobutamine, adrenaline, noradrenaline, and 
when necessary, milrinone, are the preferred 
pharmacological agents to improve myocardial 
contractility, increase systemic vascular resis-
tance, and decrease PVR. Dobutamine increases 
biventricular contractility and provides mutual 
supports to each ventricle, providing support 
through IVS contraction. Adrenaline is used for 
myocardial chronotropy and inotropy to improve 
cardiac contractility and rhythm, as well as for 
peripheric vasoconstriction to raise systemic 
arterial pressure. Noradrenaline is usually used if 
severe vasodilatation cannot be prevented 
because of systemic circulatory collapse, milri-
none and/or high-dose vasodilator usage. Finally, 
milrinone is provided as an inodilator to improve 

cardiac contractility directly and decrease PVR 
through pulmonary vasodilation.

Pulmonary vasodilators selectively decrease 
PVR with few systemic adverse effects. 
Intraoperative pulmonary vasodilator therapy 
includes NO and prostaglandin analogs. Nitric 
oxide, as an intrinsic vasodilator, diffuses into 
smooth muscle, activates cGMP, and relaxes vas-
cular smooth muscles. Inhaled administration of 
NO selectively reduces the PVR without causing 
systemic hypotension, but the half-life of NO is 
quite short and specialized equipment is required 
to provide continuous nebulization. The optimal 
therapeutic dosage of NO is unclear, but treat-
ment usually starts at 5–20 ppm. Prolonged NO 
therapy can lead to increased methemoglobin 
levels, that can be expected to drop immediately 
after the NO level is reduced. Weaning should be 
done gradually by monitoring pulmonary artery 
pressure and oxygen saturation, because sudden 
or rapid termination of treatment may cause 
rebound pulmonary hypertension [75]. Other 
available pulmonary vasodilators are prostacy-
clin and its analogs (e.g., epoprostenol, iloprost, 
and treprostinil), and intravenous infusion with 
these agens may reduce systemic vascular resis-
tance and cause hypotension. Inhaled iloprost has 
a similar effect to NO on the pulmonary vascular 
circuit, effectively decreasing PVR and improv-
ing right ventricular performance. However, in 
contrast to NO, iloprost does not transform into 
toxic metabolites and does not cause in rebound 
pulmonary hypertension on withdrawal [76].

After discontinuing CPB and confirming 
bleeding control, there is a need for adequate and 
aggressive anticoagulation to prevent excessive 
bleeding. Successful anticoagulation is essential, 
because more bleeding than expected can be 
fatal. Adequate control of bleeding should be 
confirmed at every stage of device implantation, 
and both before and after weaning from 
CPB. When the device overtakes the whole cir-
culation, pharmacologic agents should be given 
consecutively to treat several grades of pre-
existing coagulopathies. Treatments will, there-
fore, include protamine sulfate (full dose for 
recovery of heparin), vitamin-K, tranexamic 
acid, cofactors (II, VII, IX, X), and if necessary, 
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fibrinogen, von Willebrand factor (factor VIII), 
platelets, and whole blood.

47.5.3	 �Postoperatively

The focus of management after LVAD implanta-
tion is to maintain adequate left ventricular con-
tractility and appropriate systemic arterial 
pressure with optimum filling pressures by aug-
mentation of LVAD flow with inotropic support, 
aggressive diuresis, and afterload reduction ther-
apy. After discharge from hospital, circulatory 
support requires multi-agent oral pharmacother-
apy at individualized dosages (Table 47.14).

Preventing left ventricular contractility is 
essential to maintaining stable hemodynamics. 
The most prominent benefit of an LVAD is biven-
tricular unloading and decreased PAPs and 
PCWP, which improve RV function and prevent 
right-sided congestion. Device flow is arranged 
by paying attention to the CVP and PCWP in the 
early postoperative period, with CVP ideally 
maintained between 10 and 12 mmHg and fluid 
replacement should be done carefully without 
exceeding CVP >12 mmHg. Otherwise, diuretic 
management administered with caution to nor-
malize elevated CVP value. To decrease the CVP, 
veno-venous hemofiltration or dialysis can be 
useful, but may lead to life-threatening hemody-
namic fluctuation in the early postoperative 
period, especially if renal dysfunction develops. 
Device adjustment is essential in response to left-
ward (sudden suction and/or RVF) or rightward 
(lower speed or left ventricular overloading) 
shifting of the IVS, and should be monitored con-
tinuously in the intensive care unit. The aortic 
valve opening ratio is the best indicator of left 
ventricular contractility, provided systemic pre-
load is sufficient to realize left ventricular ejec-
tion or to prevent device suction. After adequate 
systemic perfusion has been provided and the 
mean arterial pressure is >70 mmHg, the CVP is 
<12 mmHg, and the mixed venous oxygen satu-
ration is >60%, the device speed can be periodi-
cally increased every 6  h until the aortic valve 
opening ratio reaches 1:3. However, optimal per-
formance of the LV occurs when the opening of 

the aortic valve actualizes in each cardiac cycle 
(1:1) without right-sided LCOS, because this 
provides the best contractile status of the LV and 
IVS. The device speed should be increased until 
univentricular or biventricular LCOS have been 
resolved, but not to such a degree that it causes 
suction, even if the aortic valve cannot open. 
Another strategy is to monitor PAPs, and to 
increase the device speed to decrease right-sided 
pressures, especially until the systolic PAP 
decreases <40 mmHg and the PCWP <18 mmHg. 
Continuous flow obscures the pulse pressure by 
regulating nonpulsatile blood flow in the arterial 
system, where diastolic and systolic arterial pres-
sures become closer to each other; however, the 
mean arterial pressure should be kept between 70 
and 80 mmHg.

This strategy is usually effective for providing 
systemic perfusion, and inotropic support is 
needed to sustain adequate arterial pressure and 
LVAD flow. In this way, judiciously combining 
inotropes by monitoring hemodynamic changes 
is superior to monotherapy when preventing and 
treating post-LVAD RVF.  Dobutamine, which 
leads to less pulmonary and systemic vasodila-
tion, is the preferred inotropic agent for maintain-
ing left and right ventricular contractile functions. 
Milrinone, another suitable agent, may cause 
clinically significant hypotension and systemic 
vasodilation in addition to the primary pulmo-
nary vasodilatory effect, so should be assisted 
with other vasopressor agents. If LCOS is not 
present, vasopressor combinations (e.g., nor-
adrenaline, epinephrine, or dopamine) should be 
avoided if possible because of the risk of trigger-
ing pulmonary vasoconstriction and PVR eleva-
tion. On the contrary, their use in combination is 
essential if hypotension continues due to signifi-
cant peripheral vasodilatation.

The key to postoperative afterload reduction is 
pulmonary vasodilatation with NO, iloprost, and 
sildenafil. In combination, these agents signifi-
cantly reduce PAPs and PVR, and improve RV 
function. Nitric oxide levels should subsequently 
be reduced by slow titration to avoid rebound 
pulmonary hypertension. Starting oral sildenafil 
on postoperative day 1 contributes to the reduc-
tion of pulmonary afterload and facilitates with-
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drawal of inhaled therapy. Long-term sildenafil 
can maintain better hemodynamics by lowering 
the PVR. In addition, endothelin receptor antago-
nists can be used (e.g., bosentan), although they 
are not currently included in treatment 
guidelines.

Diuretics prevent the recurrence of fluid reten-
tion, volume overload, and congestion. The most 
common side effects of diuretic excess include 
fluid depletion, hypokalemia, hypomagnesemia, 
and azotemia. If the diuretic strategy is unsatis-
factory or ineffective due to renal failure, ultrafil-
tration to remove water and small- to 
medium-weight solutes may be considered a pri-
mary volume-removal therapy. After the acute 
decompensation caused by volume overload 
resolves, combination oral diuretic therapy can 
be started with furosemide and/or thiazides, with 
or without spironolactone. Daily body weight 
recording is the best parameter to follow the 
effectiveness of diuretic treatment and to guide 
dose adjustment.

The natriuretic peptide system (NPS) counters 
the detrimental effects of renin–angiotensin–
aldosterone system (RAAS) upregulation, inhib-
its arginine vasopressin secretion, modulates the 
autonomic nervous system, and antagonizes 
vasopressor effects in HF.  This is achieve in 4 
main ways: (1) activation of type A natriuretic 
peptide receptors, leading to vasorelaxation, 
natriuresis, and diuresis; (2) inhibition of the 
RAAS by blocking of renin secretion and the 
associated aldosterone production; (3) reducing 
adverse cardiovascular changes by triggering 
remodeling, apoptosis, ventricular hypertrophy, 
and fibrosis; and (4) enhancing myocardial relax-
ation. Natriuretic peptides are removed from the 
circulation through either clearance by natriuretic 
peptide clearance receptors (NPRC and NPRC3) 
or inactivation by neprilysin (a degrading endo-
thelial enzyme). Blocking neprilysin alone does 
not completely inhibit the RAAS, because the 
system is also stimulated by the activated sympa-
thetic nervous system, which will independently 
lead to increased secretion of renin and activation 
of angiotensin I to II by angiotensin converting 
enzyme. Combination of the neprilysin inhibitor 
sacubitril and the angiotensin receptor blocker 

valsartan has produced the first drug in a new 
class of angiotensin receptor neprilysin inhibitors 
(ARNi) that work by both inhibiting the NPS and 
blocking the angiotensin type-1 receptor. Low 
dose of ARNi can be given routinely after LVAD 
implantation, provided that the development of 
hypotension is closely monitored.

�Conclusion

The use of LVADs is increasing annually 
among patients with advanced LHF for bridge 
to transplantation, bridge to destination, or 
bridge to candidacy. Patient selection and 
implantation timing are key determinants of 
success for LVAD therapy. The best candidates 
for LVAD implantation are stable advanced 
LHF patients receiving inotropic treatment. By 
contrast, patients in cardiogenic shock are 
unsuitable for LVADs because they are too 
sick, and should therefore be supported via per-
cutaneous t-MCS devices to optimize their 
condition before LVAD implant. On the other 
hand, if implantation is delayed, outcomes may 
worsen due to secondary organ damage caused 
by prolonged end-stage heart failure, with the 
potential for RHF to develop and lead to death. 
Appropriate patients selection is the most 
important factor for predicting, preventing, and 
treating post-LVAD RVF, regardless of whether 
there is pre-existing RVD. Preoperatively, elec-
tive IABP use can maintain significant cardiac 
support in severely ill candidates, and recover 
pre-existing RVD by unloading the LV, reduc-
ing PAPs, and increasing organ perfusion. 
Postoperatively, the most important factor is to 
protect and maintain IVS-contractility at the 
optimum level, which is essential for right ven-
tricular function.
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Pacemaker and ICD Implant 
Insertion Techniques: Venous 
Approach and Complications

Radu Ciudin

Abstract

Every year a few million people around the 
world will receive a cardiac implantable elec-
tronic device- either a pacemaker or an ICD 
(implantable cardioverter-defibrillator) or a 
device for cardiac resynchronization therapy. 
Elderly people is the fastest growing segment 
of population in the developed countries and is 
also responsible for most of the implanted 
devices in the world. Pacemakers and ICDs 
implants are prone to early or late procedure 
complications that need to be prevented and 
recognized. A better understanding and knowl-
edge of clinical anatomy related to venous 
access for pacemaker and ICD leads insertion 
is needed to avoid complications. This 54th 
chapter is going to present clinical aspects 
related to venous approach of cardiac rhythm 
management devices implant procedure and 
also complications related to transvenous inser-
tion and cardiac placement of devices leads.

Keywords

Pacemaker · ICD · Implant techniques · Venous 
approach · Complications

48.1	 �Introduction

Pacemakers (PM) and implantable cardiodefibril-
lators (ICD) or cardiac resynchronization devices 
(CRT) implantation techniques are already a part 
of a subspecialty of cardiology on its own right 
-interventional cardiac electrophysiology and 
pacing.

The transvenous route is now the established 
technique used by the vast majority of cardiac 
implantable electronic devices (CIED), interven-
tional electrophysiologists, or other device 
implanters including surgeons.

The usual venous route is by using upper 
extremities and neck veins, therefore knowing 
the anatomic structures of this area is compul-
sory and a training requirement [1]. Historically, 
the epicardial approach was the first route used 
for PM and ICD implantation. Mainly, it consist 
of placing/suturing the unipolar or bipolar elec-
trodes directly on the heart—atrial or/and ven-
tricular—epicardium. This is performed by the 
cardiovascular surgeon under general anaesthe-
sia by having epicardial access. A novel 
approach is used for the leadless pacemakers. 
Nowadays the vast majority of CIED are 
implanted transvenously. In this chapter we are 
going to describe only the usual transvenous 
approach despite the fact that is almost impos-
sible to cover theoretically all practical issues 
related to this topic.

R. Ciudin  
Cardiology Department, “Carol Davila” University of 
Medicine and Pharmacy, Bucharest, Romania 

“Prof. C.C. Iliescu” Emergency Institute for 
Cardiovascular Diseases, Bucharest, Romania

48

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73764-5_48&domain=pdf


838

48.2	 �Venous Anatomy

The venous anatomy important for CIED implan-
tation is related to cephalic vein, axillary and 
subclavian veins and somewhat rarely external 
and internal jugular veins.

Cephalic vein/antecubital vein—is a superficial 
vein in the arm that drains to the axillary vein. Near 
the shoulder, the cephalic vein located along the 
anterolateral aspect of the biceps muscle passes 
between the deltoid and pectoralis major muscle 
into the deltopectoral groove. It empties into the axil-
lary vein, sometimes by forming an arch (Fig. 48.1).

Axillary vein—it is a continuation of basilic 
and brachial veins and it drains blood from the 
axila, upper limb and lateral aspect of thorax. It 
ends at the lateral margin of the first rib where it 
becomes the subclavian vein. It lies medial to the 
axillary artery (Fig. 48.2).

Subclavian vein—is a continuation of the axil-
lary vein from the outer border of the first rib and 
it joins the internal jugular vein forming the bra-
chiocephalic vein or innominate vein. The tho-
racic duct that carries lymph also drains into the 
subclavian vein.

External jugular vein—is a superficial vein 
that drains blood from cranium and face—poste-
rior, auricular and retromandibular areas and it 
runs from the angle of the mandible to the mid-
dle of the clavicle by the posterior area of the 
sternocleidomastoideus muscle. Its anatomy var-
ies, sometimes it can be duplicated and it drains 
to the subclavian vein (Fig. 48.3).

Internal jugular vein—drains blood from the 
head and joins with the subclavian vein to form 
the brachiocephalic trunk. Left and right bra-
chiocephalic trunks will form the superior vena 
cava.

Fig. 48.1  Cephalic vein anatomy (R.  Ciudin photo 
archive—taken from a plastinated body)

Fig. 48.2  Axillary vein anatomy (R.  Ciudin photo 
archive- taken from a plastinated body)
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48.3	 �Venous Approaches for CIED 
Implantation

CIED are usually implanted in the infraclavicular 
area. Following an incision of 4–5 cm in length 
parallel to the clavicula or in the deltopectoral 
groove a subcutaneous pocket is created above 
prepectoral fascia often by blunt dissection. More 
than 95% of centres prefer prepectoral subcuta-
neous implant but up to 10–12% use the sub-

pectoral implant as well [2].
The venous approach could be done directly by 

blind percutaneous puncture using anatomical and/
or radiological markers or using ultrasound or con-
trast substance venography as a guidance. A differ-
ent approach is the direct cut down on the vein.

The first choice as a venous access for lead 
implantation is the cephalic vein in more than 
60% of European centres [2], 40% start the proce-
dure from the subclavian vein, 48% are using 
axillary vein through an extrathoracic access route 
and 52% by using an intrathoracic access route.

Cephalic vein access—It is a safe and effec-
tive technique to introduce pacing or defibrilla-
tion leads to the right heart [3, 4] or epicardial left 
ventricular leads via the coronary sinus [5]. 

Cephalic vein is often large enough to accommo-
date two or sometimes three leads. Following 
skin incision and deltopectoral groove dissection 
(Fig.  48.4), as soon as the cephalic vein is iso-
lated it can be used as a direct vein approach to 
introduce the lead through a small vein incision 
or a modified Seldinger technique using a 
J-shaped or hydrophilic guidewire to insert a 
peel-away introducer into the vein [4, 6]. It can 
be used to introduce contrast substance to visual-
ize local venous anatomy as well. Cephalic vein 
cut down has some advantages and disadvan-
tages: the cephalic vein is not always present or 
feasible as a venous approach (mainly due to its 
small diameter), it requires practice and may 
increase procedure time (Fig. 48.5).

Subclavian vein access—Could be done 
directly (by blind puncture) using anatomical 
landmarks, or guided by ultrasound techniques or 

Fig. 48.3  Supraclavicular fossa veins - clinical anatomy 
(R. Ciudin photo archive)

Fig. 48.4  Cephalic vein—deltopectoral groove—
Intraprocedural aspect (R.Ciudin photo archive)
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venography. It could be done percutaneously 
before making the skin incision or following the 
incision at a deeper level. After the skin puncture, 
the needle will travel through the clavicular head 
of the pectoralis major muscle toward the clavic-
ula. Subclavian vein could be accessed from 
above as well (supraclavicular approach) [7]. 
Subclavian vein puncture has also some advan-
tages: is almost always present (although stenosis 
or occlusions might occur, especially in patients 
with previously implanted leads—Fig. 48.6), is 
big enough for as many leads as we need and is 
usually quick to find. It has some disadvantages as 
well: there is a 1.5–2% risk of pneumothorax or 
hemothorax and also a risk of arterial puncture or 
nerve damage. Also if the puncture is too medial 
there is an increased risk of lead damage in the 
long-term (subclavian crush phenomenon).

Axillary vein access has been described first 
time in the late 1980s [8]. Since then several tech-
niques have been described using anatomical and 

fluoroscopic landmarks or using as guidance vas-
cular ultrasound or different catheters, guidewires 
or contrast substance introduced on upper limb 
veins or via the contralateral femoral vein [9–13]. 
Axillary vein approach is a favourable technique 
to avoid acute complications and to reduce lead 
fracture or insulation damage (Fig. 48.7).

External jugular vein access is now very 
rarely used as the lead should pass over the cla-
vicula to reach the pulse generator pocket from 
the insertion site. However it has been used in the 
past as an alternative when cephalic vein or sub-
clavian vein were inaccessible.

Internal jugular vein approach is used only in 
exceptional cases.

Fig. 48.5  Cephalic vein—procedural aspect (R.Ciudin 
photo archive)

Fig. 48.6  Venography -Subclavian vein stenosis 
(R. Ciudin photo archive)

Fig. 48.7  X-Ray—Axillary vein puncture (R.  Ciudin 
photo archive)

R. Ciudin



841

Other vein access for CIED implantation are 
the femoral vein, transhepatic with suprahepatic 
vein approach in rare venous anomalies or com-
plex congenital heart diseases.

A special consideration should be offered to 
left superior vena cava approach to insert a 
pacemaker or ICD lead from the left side 
(Fig. 48.8).

As the left side approach for device implanta-
tion was reported as the preferred method by 
79% of European centres [2] the chance to find a 
left superior vena cava variant is high, with a 
prevalence of 0.15–0.25% in the literature. 
Technically is more difficult to place the lead into 
the right ventricle as the lead needs a loop into 
the right atrium in order to go through the tricus-
pid valve and toward the right ventricular apex. 
Also the right atrial lead needs to be an active 
fixation lead to have enough stability into the 
desired atrial position.

48.4	 �Complications

The number of CIED implantations is increasing 
all over the world. Also the inevitable complica-
tions related to PM, ICD and resynchronization 
devices have also increased. This chapter 
addresses device implant insertion and venous 
access techniques—related complications and is 
not going to cover all sorts of potential complica-
tions related to CIED.

48.4.1	 �CIED Complications 
Classification

CIED complications could be classified in differ-
ent ways. For example, we may have infectious 
and non-infectious complications [14] or early 
and late post implant complications.

As we are going to describe issues related to 
insertion and venous access techniques, we 
would preferred to use the following classifica-
tion (modified after Yarlagadda et al. [15]):

•	 Pocket-related complications
•	 Insertion and Venous Access—related 

complications
•	 Pulse generator/ICD generator—related 

complications
•	 Leads-related complications
•	 CIED—infections
•	 Other complications

Most of the complications could be divided 
accordingly to the implant procedure in acute/
intra procedural, early and late related 
complications.

48.4.1.1	 �Pocket: Related 
Complications

Early complications: local bruising, local hema-
toma, local pain, swelling, early infection.

Late complications: pocket related infection, 
pocket erosion, late/chronic pain at the site of the 
implant/generator.

48.4.1.2	 �Insertion and Venous Access: 
Related Complications

Early complications—Bleeding, hematoma, 
accidental arterial puncture or injury, acciden-
tal arterial guide wire or sheath/lead insertion, 
brachial plexus injury, pneumothorax, hemo-
thorax, air embolism, lost guide wire, acciden-
tal large vein/atrial wall perforation by 
guidewire; hypotension, bradycardia and other 
vagal reactions.

Late complications—bleeding, large hema-
toma, venous occlusion, venous thrombosis, 
delayed pneumothorax or hemopneumothorax, 
infections.

Fig. 48.8  X-Ray—Left superior vena cava pacemaker 
lead implant (R. Ciudin photo archive)
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48.4.1.3	 �Pulse Generator/ICD 
Generator: Related 
Complications

Malfunctions—sensing malfunctions-over and 
under sensing; pacing malfunctions -loss of cap-
ture, loss of output, inappropriate rate/mode pac-
ing, pacemaker mediated tachycardia, early 
generator failure; pacemaker syndrome (single 
chamber pacemaker); pulse generator/ICD gen-
erator migration.

Early infections, acute endocarditis.
Late pulse generator/ICD generator related 

complications: infections (Fig.  48.9), malfunc-
tions, Twiddler syndrome.

48.4.1.4	 �Lead-Related Complications
Early complications: lead micro or macro dis-
lodgement, phrenic nerve and diaphragmatic 
stimulation, pectoral muscle stimulation (unipo-
lar leads), cardiac chamber perforation and car-
diac tamponade, tricuspid valve injury, loss of 
capture and sensing.

Late lead-related complications: systemic 
infection, endocarditis and lead vegetations; late/
delayed cardiac chamber perforation; access vein 
thrombosis and obstruction; diaphragm or pecto-
ral stimulation; tricuspid regurgitation; lead frac-
ture, subclavian crush syndrome;

48.4.1.5	 �CIED: Related Infections
•	 Primary infection as a contamination during 

implant procedure (the device or pocket is the 
initial source of infection)

•	 Secondary infections (the device, leads and 
the pocket are contaminated late by bacterae-
mia from a different source)

48.4.2	 �Insertion and Venous Access: 
Related Complications

48.4.2.1	 �Lead Dislodgement
Lead dislodgement is probably the most common 
complication- atrial lead in dual chamber pace-
maker implants and left ventricular lead via the 
coronary sinus in CRT devices being the most fre-
quently seen types of dislodgement, from 1.6 to 
4.4%, respectively up to 5–10% of patients [14, 16] 
but an acceptable dislodgement rate should proba-
bly be no more than 1% for right ventricular leads 
and less than 3% for atrial leads. Leads dislodge-
ment can be diagnosed by testing the pacing or 
sensing function but not on X-ray (microdislodge-
ments) or may be radiographically seen as a migra-
tion of the lead from its initial implant position in 
the same chamber or in a different heart chamber 
(macrodislodgement). Lead dislodgement and 
migration may be associated with other complica-
tions, not just pacing/sensing malfunction but also 
arrhythmias or thromboembolic complications.

48.4.2.2	 �Pneumothorax 
and Hemothorax

Pneumothorax as a result of inadvertent approach 
of pleural space is mainly related to the subcla-
vian vein intrathoracic approach but it can rarely 
be seen in axilary vein approach as well. 
Pneumothorax is also related to operator experi-
ence. Its incidence ranges from 1 to 2–2.5% in 
the literature and is eliminated when cephalic 
vein cut-down technique is employed. Most of 
the pneumothorax complications are asymptom-
atic and detected on the following day after 
implantation on chest X-ray. When the pneumo-
thorax is significant, during or just after the 
implant procedure it should be immediately 
treated by chest tube insertion.

Fig. 48.9  Pacemaker pocket infection (R. Ciudin photo 
archive)
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Hemothorax and hemopneumothorax can 
occur when during venous puncture and lead 
insertion there is conocmitent vascular damage 
of the axilary or subclavian veins [17] or during 
up-grade of a pacing system that requires addi-
tional leads insertion and the superior vena cava 
is injured as well. It can also be seen in lead 
extraction procedures.

48.4.2.3	 �Bleeding, Hematoma 
and Local Venous Access 
Complications

Bleeding and local hematoma have been reported 
as up to 5% following CIED implantations and is 
been more often associated with antithrombotics- 
antiplatelet and anticoagulation therapy. In most 
of the cases, small hematoma can be treated con-
servatively by rest, local ice application and com-
pression. Some patients require reintervention by 
opening the incision and evacuating the blood 
cloths (Fig. 48.10). Local hematoma and reopera-
tion will increase the risk of infection.

In order to prevent bleeding and hematoma, 
use of electro-cautery and proper hemostasis has 
to be used to avoid back bleeding from the venous 
access and from the pocket itself, especially in 
patients on antithrombotic therapy. The risk of 
bleeding and hematoma is highest in patients tak-
ing dual antiplatelet therapy as aspirine and clop-
idogrel or even more in patients on ticagrelor -up 

to 18% [14] but is very commonly seen in patients 
on heparin (7%) as well. Recent (under 6 months) 
interventional procedures involving stent implant 
and dual antiplatelet therapy should be following 
CIED if possible or the device implant should be 
postponed until stopping the dual antiplatelet 
therapy could be done for few days before the 
CIED implant procedure.

48.4.2.4	 �Air Embolism
Air embolism is a consequence of air drawn into 
the venous system during lead insertion. 
Following a deep inspiration at the moment when 
the venous access is open can lead to a pressure 
gradient between the source of air and the venous 
pressure causing air aspiration into the venous 
system and right heart chambers. In most of the 
cases, an air embolus is asymptomatic and pre-
ventable by using introducers with haemostatic 
valves or asking patient to stop breathing few 
seconds if the peel-away sheath has no valve.

In rare cases there is a need to administrate 
100% oxygen and some inotropic support.

48.4.2.5	 �Arrhythmias and Death
Death is a very rare event related to CIED implant 
procedure and occurs in less than 1% of pace-
maker implantations. The most common causes 
are related comorbidities, with myocardial infarc-
tion as leading co-morbidity, but al-so stroke and 
heart failure.

Arrhythmias could be related to lead position-
ing—all sorts of supraventricular mechanically 
induced arrhythmias during atrial lead placement 
(atrial premature beats, atrial tachycardias, atrial 
fibrillation or flutter), atrio-ventricular conduc-
tion disturbances, right bundle branch block or 
ventricular arrhythmias during ventricular lead 
placement (ventricular premature beats, runs of 
mechanically induced ventricular tachycardia or 
ventricular fibrillation requiring resuscitation and 
external shock.

Intermittent 3rd degree atrio-ventricular block 
in patients with previous left bundle branch block 
has been seen commonly during coronary sinus 
ostium cannulation procedure for cardiac 
resyncronization. Pacemaker mediated tachy-
cardia in patients with dual chamber devices is 

Fig. 48.10  Post ICD implant extensive hematoma 
(R. Ciudin photo archive)
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not very rare seen. Rarely is been described leads 
related tachycardia long time following a CIED 
implant [18].

48.4.2.6	 �Cardiac Chambers 
Perforation and Tamponade

Cardiac perforation is a quite rare event during a 
CIED implant procedure, usually <1% [19, 20], 
but it can occur. There are three different types of 
factors that may influence the cardiac perforation 
ratio: lead design, physician’s experience and 
patient—related factors. Any chamber of the 
heart can be perforated—right atrium or right 
ventricle, coronary sinus or left atrium or 
ventricle.

Pain, hypotension, decreased pulsatility of the 
cardiac silhouette monitored by fluoroscopy and 
increased size of cardiac silhouette or arrhyth-
mias could be signs of perforation but pericardial 
effusion on echocardiography will accurately 
diagnose perforation and/or tamponade.

Delayed lead perforation is rare but cardiac 
tamponade or death have not been documented 
often (Fig. 48.11).

Atrial leads can be more often than ventricular 
leads the cause of perforation and ICD leads may 
perforate more often than ventricular pacemaker 
leads [21].

Cardiac tamponade is an emergency and must 
be dealt with as soon as possible. It requires 
urgent pericardiocentesis and surgical interven-
tion if the bleeding persists. Anticoagulation 
treatment is an important factor for maintaining 
bleeding and leading to tamponade.

48.4.2.7	 �Extracardiac Stimulation
Extracardiac stimulation is frequently seen. The 
usually susceptible sites are the diaphragm, the 
pectoral muscle or rarely intercostal muscles. 
Present use of bipolar leads have diminished the 
pectoral muscle stimulation but the atrial leads 
dislodgement stimulating the right phrenic nerve 
and right diaphragm or more often in nowadays 
left ventricular coronary sinus branch lead stimu-
lating the left phrenic nerve and left diaphragm is 
been seen. Testing the lead during implant and 
using higher output energy can prevent extracar-
diac stimulation and patient discomfort [17]. 
Perforation could also be a cause for extracardiac 
stimulation.

48.4.2.8	 �Venous Thrombosis 
and Obstruction

Venous thrombosis and obstruction can occur 
early, but more often it appears late after CIED 
implantation procedures. In most of the patients 
venous thrombosis will remain silent and asymp-
tomatic being discovered later during other pro-
cedures like lead extractions or up-grade 
procedures. Most of the patients will develop 
venous collaterals. Few percent (1–3%) of 
patients undergoing CIED devices will have any 
symptoms suggesting vein obstruction like upper 
arm swelling, oedema, discomfort or local cya-
nosis. Use of antiplatelet and anticoagulation 
therapy can be mandatory and interventional or 
surgical procedures are very rarely undertaken or 
necessary [16].

There are few prospective studies looking for 
venous obstruction in patients with previous CIED 
procedures [22]. Few factors are recognized as 
predictors of venous stenosis or obstructions:  

Fig. 48.11  Delayed perforation of an ICD lead: intraop-
erative aspect
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multiple pacemaker or ICD leads, patient personal 
history of previous venous thrombosis, use of hor-
mone therapy, use of temporary wire before 
implantation.

48.5	 �Conclusions and Future 
Perspectives

CIED—pacemakers, ICDs, CRT devices—have 
developed tremendously over the last two 
decades and the number of implant procedures is 
increasing constantly. More and more centres and 
cardiologists are taking up these implanting pro-
cedures. It will always be necessary to teach 
these young implanters about clinical anatomy 
related to venous access and how to prevent local 
and systemic complications related to the device 
implant procedure.

It is also an evolving and dynamic field. New 
technologies are now put in practice—see lead-
less pacemaker implant procedures or alternative 
energy—see ultrasound- driven devices. 
Different approaches are now alternatives for left 
ventricular leads implants—transseptal (atrial 
septum or interventricular septum!), epicardial or 
pericardial access, thoracoscopic minim invasive 
approach or transapical by surgeons. 
Subcutaneous ICD implants might become 
smaller and better and a real alternative to present 
trans-venous systems.

No matter what the developing technologies 
will bring in the future of cardiac rhythm man-
agement, the knowledge of clinical anatomy and 
prevention of new complications will always be 
needed.
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Right Ventricular Dysfunction 
in Cardiac Surgery

Ovidiu Lazăr

Abstract

Right ventricular failure involves a great chal-
lenge due to the severity of this condition. In car-
diac surgery RV failure is frequently associated 
with congenital disease and represent a high inci-
dence among cardiac transplant patients when 
represent the main cause of graft failure. 
Appropriate hemodynamic monitoring and 
advanced pharmacological and mechanical sup-
port can reduce perioperative mortality in RV 
perioperative failure patients. Early postoperative 
care involves special measures to overcome com-
promised hemodynamics in RV failure cases.

Keywords

Right ventricular failure · Pulmonary hyperten-
sion · Hemodynamics · Transesophageal echo-
cardiography · Near infrared spectroscopy 
(NIRS) · Ventricular assist devices (VAD)  
Extracorporeal membrane oxygenation (ECMO)

49.1	 �Introduction

Right heart failure can be defined in a very sim-
ply manner as a syndrome where the right heart 

is unable to fill or eject blood adequately to meet 
the circulatory needs of the body or can only do  
by increasing its filling pressures [1]. This is a 
simple definition emerged in the era before ven-
tricular assist devices became so spread. Right 
ventricular (RV) dysfunction is an underdiag-
nosed clinical condition that has been associated 
with increased mortality in cardiac surgical 
patients [2]. It has a low incidence among non 
congenital cardiac surgery patients, is more 
likely associated with cardiovascular and pulmo-
nary complications related to cardiopulmonary 
bypass (CPB) and is a cause of acute graft failure 
in cardiac transplant [3]. RV failure can be pres-
ent before, during or after cardiac surgery. RV 
failure is a serious complication that may occur 
whether the surgery is done on the left or right 
cardiac cavities. It may also complicate any car-
diac or noncardiac surgical procedures. There is 
growing evidence that RV dysfunction is a key 
determinant of bad prognosis in cardiac surgery, 
particularly in patients with pulmonary hyper-
tension (PH) [4]. In cardiac surgery, PH is an 
important contributor to risk stratification as at 
least two popular models—the Parsonnet and 
Euroscore—considered it [5, 6]. The intraopera-
tive diagnosis of this condition is mainly helped 
by the use of particular hemodynamic parame-
ters and transesophageal echocardiography 
(TEE). Other diagnosis techniques (NIRS) are 
under current evaluation [7]. In cardiac surgery, 
RV failure leads to a difficult weaning from  
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cardiopulmonary bypass (CPB) and increased 
postoperative mortality and cost. The worst sce-
nario is “impossible to wean patient” requiring 
mechanical assistance of the failed ventricle, 
biventricular assistance or ECMO [8]. Careful 
preoperative diagnosis, perioperative optimiza-
tion of hemodynamic conditions (especially of 
pulmonary hypertension), proper anesthetic 
management and a short CPB time can contrib-
ute to a good prognosis after cardiac surgery in 
patients with RV dysfunction [9].

In perioperative cardiac surgery scenario the 
main causes of RV failure/dysfunction could pre-
cede de operation time. RV infarction secondary 
to a proximal right coronary artery (RCA) occlu-
sion or severe coronary disease in a left dominant 
circulation could alter the already reduced capac-
ity of RV to increase its work load. Pulmonary 
hypertension (PH) of any cause-mitral/aortic val-
vular disease, severe left ventricle (LV) dysfunc-
tion, lung disease, primary pulmonary 
hypertension- is the main pathological condition 
present before surgical time that can alter RV sys-
tolic function.

In most cases the right ventricle has a good 
systolic function in the preoperative settings but 
there are a lot of conditions that can emerge dur-
ing cardiac surgery like poor myocardial protec-
tion—poor collateral circulation with an occluded 
RCA or due to exclusive use of retrograde car-
dioplegia, kinking of the RCA ostium in aortic 
root replacements, prolonged ischemic times, 
coronary embolism- or acute increased RV after-
load—blood product transfusions during CPB 
with associated vasoactive substances release 
(transfusion related acute lung injury TRALI), 
severe LV dysfunction, protamine reaction, ten-
sion pneumothorax, pulmonary embolism, acute 
respiratory distress syndrome (ARDS), hypox-
emia and acidosis [10].

The most common cause of RV systolic fail-
ure is afterload augmentation. Modest pressure 
increased at first mostly leads to increased RV 
contraction. However, RV is designed as a vol-
ume pump which keeps central venous (CVP) 
low and its ability to increase contractility is lim-
ited. The RV myocardium is thin compared with 
the left ventricle (LV) and the ejection relies 

more on longitudinal shortening and a “peristal-
tic” pattern one [11]. The RV is characterized by 
a high diastolic compliance and allows for a great 
variation in accommodation to venous return 
with little changes in end diastolic pressure. 
There are multiple etiologies for elevated pres-
sure (beyond the normal values- mean pulmonary 
artery pressure <mPAP> ≥25  mmHg measured 
by right heart catheterization at rest) in the pul-
monary circulation and PH could be defined as a 
hemodynamic state rather than a single disease 
entity. In summary preoperative causes of ele-
vated PAP could be related to left heart diseases 
(ex. systolic or diastolic left ventricle dysfunc-
tion, valvular disease, congenital/acquired left 
heart inflow/outflow tract obstruction and con-
genital cardiomyopathies), due to lung diseases 
and/or hypoxia, chronic thromboembolic pulmo-
nary hypertension [12].

Right heart catheterization and echocardiogra-
phy are the best ways to evaluate the RV func-
tion. There are no clear hemodynamic criteria 
that can be used to diagnose PH by right heart 
catheterization even that method is superior to 
echocardiography to asses the RV function. 
However these topics are beyond the purpose of 
present chapter.

49.2	 �Perioperative Management 
and RV Failure in Cardiac 
Surgery

A careful evaluation is performed once a patient 
is considered a candidate for cardiac surgery 
including a detailed history and physical evalua-
tion, current medication and comorbidities.

A detailed discussion with the patient and a 
comprehensive physical and echocardiography, 
right heart catheterism, chest radiography 
examination may revealed important informa-
tion regarding preexisting symptoms and signs 
of cardiac failure, especially of right ventricle 
failure, history of pulmonary disease or left 
sided valvular disease, severe systolic left ven-
tricular dysfunction, high left ventricular dia-
stolic pressure or congenital anomalies with 
secondary PHT.
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Typical clinical symptoms and signs such as 
dyspnea, hypotension, right upper quadrant dis-
comfort and jugular vein distension, several elec-
trocardiographic and radiographic clues should 
trigger further investigations. Electrocardiographic 
specific changes may include sinus tachycardia, 
T-wave inversion in III and aVF or in the precor-
dial leads V1 to V4, right bundle branch block and 
a rightward axis. A right-sided precordial leads 
EKG is mandatory whenever a RV dysfunction is 
suspected [13]. Dilation of the proximal pulmo-
nary arteries and RV enlargement (with filling of 
the retrosternal space) or right atrial enlargement 
is frequently found on standard chest radiography. 
Dilation of the inferior vena cava may be seen and 
pleural effusions are possible [14]. Troponin con-
centrations can increase in RV failure but its speci-
ficity is fair. B-type natriuretic peptide, can be used 
to differentiate cardiac and pulmonary acute dys-
pnea. In pulmonary hypertension, increasing con-
centrations of B-type natriuretic peptide may 
correlate with the degree of RV dysfunction but 
this correlation remains unclear [15]. There is no 
cut off value of B-type natriuretic peptide to sus-
tain acute RV failure [16].

Echocardiography it has become the most 
important, noninvasive, bedside available tool in 
the evaluation of RV dysfunction and its associ-
ated conditions. Important findings include 
chamber dilatation, increased wall thickness (in 
chronic pulmonary hypertension) and wall 
motion abnormalities. Cardiac magnetic reso-
nance investigation (MRI) may present more 
reproducible data than echocardiography but 
remains an alternative investigation tool [17]. 
Right heart catheterization with measurements of 
pulmonary artery, right-sided and left-sided pres-
sures remains the gold standard for the diagnosis 
of pulmonary hypertension. These provide prog-
nostic markers of survival. A comprehensive and 
detailed presentation of these diagnostic tools is 
beyond the purpose of present chapter.

Proper management of current medication is 
mandatory up to the time of scheduled surgery. 
Avoidance of tachycardia and increased pulmo-
nary resistance can be done using the right dose 
of anxiolytics (short time action benzodiaze-
pines) but great care should be taken to avoid 

respiratory depression. Preoperative oral silde-
nafil, tadalafil or other type V phosphodiesterase 
inhibitors, endothelin receptor antagonists, cal-
cium channel blockers, inhaled nitric oxide and 
nebulized iloprost can be used to reduce pulmo-
nary artery pressures. It is important that these 
chronic therapies are not interrupted in the peri-
operative period. Maintenance of sinus rhythm 
(e.g. electrical cardioversion of new onset atrial 
fibrillation) and optimal ventricular rate should 
be targeted to prevent RV dilatation and optimize 
ejection. When using beta blockers drugs to 
maintain sinus rhythm, associated negative ino-
tropic and systemic vasodilatory side effects 
should not be neglected.

49.3	 �Intraoperative Monitoring 
and Anesthetic Management

Patients undergoing cardiac surgical procedures 
are extensively monitored. Standard monitoring 
in the operating room include five lead ECG sys-
tem, arterial (radial or femoral) invasive blood 
pressure monitoring, pulse oximetry, end-tidal 
carbon dioxide measurement, a Swan-Ganz pul-
monary artery catheter, cerebral oximetry, uri-
nary Foley catheter, core body and peripheral 
temperature sensor. In some cases complex 
hemodynamic monitoring devices (pulse contour 
cardiac output PICCO or Vigileo Flow/Trac) can 
be used. Intraoperative TTE is already included 
in standard of care protocols in the majority of 
cardiac surgery centers because it is a fast, inex-
pensive, ready to use diagnostic tool. TTE should 
be a necessary diagnostic tool in every cardiac 
surgery operating room.

Swan Ganz pulmonary artery catheters are 
usually placed in the operating room before or 
after the induction of general anesthesia and 
these are used to measure the right atrial (central 
venous pressure CVP), the pulmonary arterial 
pressure (PAP) and the pulmonary capillary 
wedge pressure (PCWP) which can estimate the 
left sided atrial pressure and diastolic left ven-
tricular pressure. Pulmonary artery pressure 
monitoring is the gold standard for the detection 
of PH; however, pulmonary artery pressure will 
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decrease as RV failure progress [18]. The sever-
ity of pulmonary hypertension can be determined 
by using absolute values of pulmonary artery 
pressure (PAP), calculation of pulmonary vascu-
lar resistance or by using relative values such as 
ratio medium PAP/medium systemic artery pres-
sure. Normally this ratio (R) is <0.25. Increased 
values of R is a strong hemodynamic predictor of 
postoperative complications in cardiac surgery 
[19]. Usually these measures are performed at 
times not in a continuous manner. However, a 
new method was promoted from the Montreal 
Heart Institute that is the use of continuous RV 
pressure waveform monitoring. This method was 
first described as a tool in the diagnosis of right 
ventricular ischemia [20, 21].

The diagnosis of RV systolic or diastolic dys-
function and right ventricular outflow tract 
(RVOT) obstruction can be done using a new 
device (Paceport, Edwards Lifescience, Irvine, 
CA) able to continuously transducing the right 
ventricle and the pulmonary artery pressure 
instantaneously in a dynamic fashion [22]. 
Starting from the normal hemodynamic physiol-
ogy of the right heart it is well known that the RV 
diastolic slope (volume-pressure diagram) is hor-
izontal due to the normal right ventricular com-
pliance which is much higher than the left 
ventricular one [23]. On a common recording 
pressure chart there should be no difference 
between the systolic RV pressure and the peak 
systolic pulmonary pressure. In right ventricular 
dysfunction there is a progressive change of dia-
stolic slope which became oblique and then, as 
the right ventricle fails, will change to a square 
root slope. In severe cases, when RV has failed, 
the pulmonary systolic pressure and the RV pres-
sure are equal. Another diagnosis that can be 
made using Paceport device is RVOT obstruction 
which is defined when the gradient pressure 
between pulmonary artery and the RV is greater 
than 6 mmHg. The mechanism of RVOT obstruc-
tion can be mechanical or dynamic. Mechanical 
RVOT obstruction can occur in the prone posi-
tion [24], during sternal closure, in anterior pneu-
mothorax [25] and after lung transplantation [26, 
27]. In dynamic RVOT obstruction the pressure 
gradient is usually greater than 25  mmHg and 

complicates the evolution in 5% of patients 
undergoing cardiac surgery [23]. They are associ-
ated with hemodynamic instability and the man-
agement includes volume loading and beta 
blockers. It is contra-indicated to use adrenergic 
inotropic agents.

Echocardiographic evaluation of right heart 
function during cardiac surgical procedures is 
critical in hemodynamic management. 
Noninvasive TEE, simple measurements of RV 
function can be completed using several parame-
ters. Tricuspid annular plane systolic excursion 
(TAPSE) is performed easy using ME 4C (mid-
esophagus four chambers) or transgastric view. Its 
value is less preload dependent than other mark-
ers of RV function. TAPSE is determined using 
the M-mode cursor placed through the lateral 
annulus of tricuspid valve and the distance of 
annular motion during systole is measured longi-
tudinally. A value of less than 16 mm correlates 
with a severe RV dysfunction [9]. Tissue Doppler 
Imaging (TDI) method is used to asses “s” wave 
(systolic motion) of RV. A value of “s” less than 
10 cm/s is a sign of RV dysfunction. Other mea-
surements of RV function include RV internal 
diameter in diastole (RVIDD) and fractional area 
change (FAC) using ME 4 C TEE. Both parame-
ters need further evaluation in large randomized 
trials to be trustworthy [28]. More recently RV 
global longitudinal strain has emerged as diagnos-
tic tool for RV systolic function assessment [28].

Pulmonary pressure can be also evaluated by 
calculating the RV-RA gradient and the RA pres-
sure using the modified Bernoulli equation. 
Using ME 4 C view the regurgitate trans tricuspid 
jet can be aligned parallel to Doppler ultrasound 
beam giving a trusted value of RA-RV gradient 
pressure. The size of inferior vena cava is best 
measured using ME bicaval view in M mode and 
will estimate the RAP pressure. The value of pul-
monary pressure is the sum of two pressures 
determined above.

Near infrared spectroscopy (NIRS) is a non-
invasive method designed to offer information 
about the balance between tisular oxygen sup-
ply and consumption. This method is a nonspe-
cific one since the information are collected in a 
strict limited area and cannot be generalized to 
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hole body. Also, apart form the older methods 
(mixed venous blood gas, lactate level), it can 
provide real time based information [29]. 
Regional cerebral oxygen saturation (rSO2) 
monitoring using NIRS is a technology that 
could help meeting these goals during cardiac 
surgery. Studies have shown that intraoperative 
NIRS values correlate with postoperative out-
come in cardiac surgery [30]. Combining right 
ventricular pressure waveform, echocardiogra-
phy and NIRS monitoring allows the anesthesi-
ologist to differentiate the compensated normal 
or abnormal RV (normal NIRS values 60–80) to 
the uncompensated failing RV (reduced NIRS 
values <60) [31]. In the operating room, end-
tidal carbon dioxide and NIRS trends are used 
to evaluate response to therapy. They are useful 
in right ventricular failure compared to thermo-
dilution, as they are not influenced by tricuspid 
regurgitation [32].

The anesthetic plan should avoid triggers of 
pulmonary vasoconstriction. Hypoxia, hypercar-
bia and acidosis should be aggressively managed. 
High-dose opioids have no direct effect on pul-
monary vasculature and allow a reduction in 
anesthetic dosage, minimizing adverse effects. 
Low tidal volumes avoiding hyperinflation and 
low positive end expiratory pressure are both rec-
ommended for ventilation reducing any rise in 
pulmonary vascular resistance [33]. Induction 
agents most commonly used is a combination of 
1–2 mg/kg of propofol or etomidate with sufen-
tanyl 1 mcg/kg and a no depolarizing agent like 
rocuronium 0.5 mg/kg or vecuronium 0.01 mg/
kg. Pancuronium 0.01  mg/kg is use mainly in 
pediatric patients. Anesthesia is maintained using 
subsequent doses of narcotics, muscle relaxants 
and an intravenous (propofol) or inhalators (sevo-
flurane) hypnotic agent. Bispectrality electroen-
cephalographic (BIS) and neuromuscular 
monitoring (TOF guard) are useful tools to titrate 
dosage of anesthetic drugs. Dexmedetomidine is 
an alpha2 adrenergic agonist with numerous 
properties including sedation, analgesia, anxioly-
sis and sympatholysis but no amnestic effect. 
During cardiac surgery it can be used to reduce 
the dosage of other medications allowing for 
early extubation [34].

After induction of anesthesia the arterial and 
venous lines are secured, TEE is inserted and 
prophylactic antibiotic (vancomycin or second 
generation cephalosporin) is administered. 
Steroids (methylprednisolone 30 mg/kg or dexa-
methasone 1 mg/kg) are administered before the 
cardiopulmonary by pass (CPB) according to 
team protocol. However the side effects of ste-
roids should be kept in mind and balance the 
potential advantages of this therapy [35].

Antifibrinolytic drugs should be used for all on-
pump procedures as long as has been demonstrated 
to reduce perioperative blood loss in cardiac sur-
gery procedures [36]. Aprotinin was withdrawn 
from the market 10 years ago despite most of the 
criticism have been refuted and tranexamic acid 
10 mg/kg in 20 min loading dose then 1 mg/kg/h 
infusion and epsilon aminocaproic acid are now 
the most used antifibrinolytic drugs. Avoidance of 
blood transfusion is mandatory because of risk of 
increasing pulmonary vascular resistance.

Anticoagulation is essential during CPB to 
minimize the generation of thrombin and fibrin 
monomers caused by interaction of blood with 
pump tubing. Unfractionated heparin remains the 
most used drug for this purpose. Once the acti-
vated clotting time is greater the value of 480 s 
(350  s in biocompatible circuits) the CPB is 
initiated.

49.4	 �Cardiopulmonary By-Pass, 
Myocardial Protection 
and Right Ventricular Failure

Extracorporeal circulation has evolved in terms of 
safety of technology and techniques so far that 
more complex cardiac surgery procedures are 
nowadays performed with great success. After 
decades of continuous improvement in terms of 
pump “driving force” technology and circuits the 
CPB is still a great challenge for any patient. There 
is a continuing improvement strategy to deal with 
the unsolved issues regarding CPB and patient 
safety: optimal hematocrit and transfusion strat-
egy, temperature management, pH management, 
optimal anticoagulation, inflammatory response, 
glycemic control, organ protection strategy [37].
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Transfusion strategy starts 3 weeks before sur-
gery whenever is possible. Preoperative autolo-
gous blood donation is a feasible objective in a 
patient with stable angina or valvular heart dis-
ease but there are some limitations: emergency 
surgery, concerns about precipitating angina in 
patients’ wits severe coronary lesions, questions 
about its cost-effectiveness, logistic blood bank 
considerations. This procedure should be com-
bined with use of recombinant erythropoietin and 
iron supplementation [38]. Intraoperative autolo-
gous blood withdrawal before the institution of 
CBP provides a good quality blood available for 
post CBP period with excellent platelets and red 
blood cells and could be a valuable strategy in 
selected cases. However any strategy should 
maintain an optimal hematocrit during CBP and 
avoid unnecessary transfusion as long as a single 
pack unit of blood could trigger inflammatory 
systemic response and pulmonary hypertension 
with RV failure [39].

Contact of blood with the artificial surface of the 
CPB circuit, ischemia and reperfusion phenomena, 
along with hypo perfusion of various organs during 
periods of CPB may initiate and aggravate the sys-
temic inflammatory response [40]. The systemic 
inflammatory response after bypass (SIRAB) is 
induced in nearly all patients but the severity of 
clinical manifestations is variable and include fever 
(core temperature over 38.5°C), tachycardia (ven-
tricular rate over 120/min), low systemic vascular 
resistance, high pulmonary vascular resistance, 
myocardial edema and ventricular failure, arrhyth-
mias, fibrinolysis, neurologic impairment. A lot of 
therapeutic avenues designed to reduce SIRAB has 
been imagined including pharmacologic manipula-
tion (corticosteroids, aprotinin, neutrophil activa-
tion remodeling) and mechanical (depletion of 
leukocytes and inflammatory mediators, modified 
circuits) [41].

Myocardial injury in cardiac surgery is linked 
to ischemia-reperfusion lesion mechanism which 
can lead to permanent or reversible damage. 
Reversible injury is manifested by a transient 
depression in cardiac performance, myocardial 
edema and resolve without long term sequelae. 
Irreversible cardiac injury involves myocardial 
necrosis with permanent loss of ventricular con-

tractile function. The term “myocardial protec-
tion” was linked to more generic term “organ 
protection” and includes a multitude of strategies 
designed to reduce the ischemia-reperfusion 
injury. The main strategy widely accepted and 
continuously improved is cardioplegic arrest 
using a large variety of cardioplegia solutions 
[41]. Cardioplegia can be delivered in a variety of 
ways (antegrade, retrograde, through bypass 
grafts, combined antegrade and retrograde) but 
the goal remains to provide adequate and uniform 
distribution of cardioplegia solution to the myo-
cardium. There are some aspects that should not 
be forgotten in order to provide a good quality 
myocardial protection [41]:

•	 Antegrade cardioplegia delivery is simple, 
mimics normal coronary flow but requires 
competent aortic valve and is ineffective in 
advanced coronary disease (CAD) with left 
main or right ostium coronary disease.

•	 Retrograde cardioplegia delivery obviates 
limitations from aortic insufficiency and 
advanced CAD but catheter placement can be 
difficult (TEE can be utilized to help guide 
retrograde catheter placement).

•	 Retrograde delivery of cardioplegia to the left 
ventricle is very good but is poor to the right 
ventricle and the interventricular septum.

•	 Deep placement of the retrograde cannula 
could impede the venous drainage of right 
ventricle

•	 Excess retrograde cardioplegia pressure pro-
duces myocardial edema, hemorrhage and 
myocardial injury [42].

•	 Right ventricular protection can be challeng-
ing in reoperative patients owing to frequently 
occluded native coronaries supplying the right 
ventricle

•	 Persistent left superior vena cava should be 
identified and drain individually

In conclusion, independently on cardiac surgi-
cal procedure, RV dysfunction and high pulmo-
nary vascular resistance at the conclusion of CPB 
could be a consequence of undesirable side 
effects that accompany the procedures of extra-
corporeal circulation.
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49.5	 �CPB Weaning

The termination of bypass is a team effort requir-
ing communication between surgeon, anesthesi-
ologist and perfusionist and consists in:

•	 Rewarming- the core temperature should be 
returned to 37 °C; during rewarming the arte-
riovenous gradient temperature should be less 
than 10  °C to prevent bubble formation and 
coronary/cerebral emboli. The rewarming 
must proceed slowly, the recommended speed 
ranges from 0.1 to 0.4  °C/min and the team 
should consider weaning at temperatures 
around 37 °C because it has been proven that 
hyperthermia can exacerbate any neurological 
injury that occurs during surgery and acceler-
ates neuronal death. Inadequate rewarming 
while on CBP can result in drop of patient 
temperature and precipitate subclinical shiver-
ing, hypercarbia, acidosis and increase in pul-
monary vascular resistance [43].

•	 Correction of metabolic abnormalities-acidosis, 
diselectrolytemia, anemia, hyperglycemia.

•	 Ventilation must begin before discontinuation 
of bypass; the lungs must be manually rein-
flated to document bilateral inflation and elim-
ination of atelectasis; hypoventilation and 
hypercarbia should be avoided since increase 
pulmonary vascular resistance.

•	 Calibrate pressure transducers (arterial, central 
venous pressure, pulmonary artery pressure); 
insert left atrial catheter if needed- useful to asses 
left ventricular end diastolic pressure and as a 
drugs line administration especially when adren-
ergic inotropic support is expected and excessive 
pulmonary vascular resistance is noted.

•	 Establish epicardial pacing if needed; ensure 
atrio-ventricular (third degree AV block) or 
atrio-biventricular (AV block and left/right 
bundle branch block) pacing [44].

•	 Start pharmacological (inotropes, vasodila-
tors, vasoconstrictors)/mechanical (intraaortic 
balloon pump IABP, left and/or right ventricu-
lar assist device) hemodynamic support to 
ensure optimal cardiac output.

•	 Start protamine for heparin neutralization after 
CPB is off. Protamine reactions are unusual 

but could be life-threatening: type I (systemic 
hypotension), type II (anaphylactic reaction) 
or type III (catastrophic pulmonary vasocon-
striction). In most cases pharmacologic mea-
sures can reverse these undesirable reactions 
but sometimes require systemic heparinization 
and turn on pump again with full CPB.

49.6	 �Intraoperative Right 
Ventricular Failure 
Management

Usually, in cardiac surgery, weaning from CPB is 
“the moment of truth.” Typically, hemodynamic 
instability is associated with reduced cardiac out-
put (cardiac index below 2  L/min/m2) and low 
NIRS values indicating poor tissue perfusion.

Once the diagnosis of low cardiac output is 
done it is important to recognize the presence of 
right ventricular dysfunction. It is the role of sur-
geon to inspect the heart and to see if the right 
heart is “ballooning” and the myocardial contrac-
tion is weak. Direct observation of the right ven-
tricle, right ventricular pressure waveform 
analysis and TTE should offer a comprehensive 
approach to RV dysfunction management.

The next step is to analyze the right ventric-
ular pressure waveform and to exclude right 
ventricular output obstruction. The gold stan-
dard diagnosis in this situation is TEE. A gradi-
ent of more than 25 mmHg between the RV and 
the pulmonary artery correlates with the sever-
ity of hemodynamic instability and dynamic 
RVOT is the diagnosis. It must rule out the 
mechanical compression mechanism of RVOT 
(massive pneumothorax, other causes of pul-
monary artery compression). In cardiac trans-
plant receiver check the pulmonary 
anastomoses. If the cause of pressure gradient 
is not a mechanical one it must stopped/reduced 
inotropic support and a trial of fluid administra-
tion should begin. Short acting selective beta1 
blockers may be administered (esmolol) in 
order to decrease the heart rate allowing for 
better RV preload [22].

Analysis of RV pressure waveform (oblique or 
square root slope) and TEE imaging is the next 
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step and will confirm right ventricular systolic or 
diastolic failure. General and goal directed mea-
sures should be taken as follows:

•	 Ensure optimal heart rate, rhythm (atrio-
ventricular or atrio-biventricular sequential 
pacing, optimizes preload (fluids), afterload 
(reduce pulmonary/systemic hypertension, 
maintain normal pH, optimizes hematocrit.

•	 If ischemia and left ventricular dysfunction is 
suspected control coronary grafts, perform 
right coronary artery venous grafting, insert 
intraaortic balloon pump or ventricular assist 
device (VAD).

•	 If no ischemia/no left ventricular dysfunction 
reduce RV afterload (inhaled nitric oxide NO 
or prostacyclin, intravenous type III 
phosphodyesterase-milrinone, enoximone), 
improve RV contractility (milrinone, dobuta-
mine levosimendane) [45].

49.7	 �Early Postoperative 
Management and RV 
Dysfunction

At the end of the surgery the patient is trans-
ferred, under the close attention of the surgical 
team, in the intensive cardiac care unit (ICCU). 
The local staff became now responsible for 
maintaining stable the vital signs and the pro-
tocols for early management are started. 
Focused on the main issue of this chapter we 
can divide these measures as general and 
specific.

49.7.1	 �General Measures

After cardiac surgical procedure most patients 
are transferred in the ICCU sedated and mechani-
cally ventilated. Early extubation is one of the 
goals of fast track anesthesia and fast track care 
protocols. Nevertheless, mechanical ventilation 
weaning is one of the most critical moments 
when the cardiac output is redistributed including 
to respiratory muscles. Sometimes, when the car-
diac output is marginal and maximal, the balance 

delivery/consumption of oxygen can be altered 
and myocardial ischemia can emerge.

Bases of fast track anesthesia and fast track care 
are created in the operating room and consist in 
type of anesthetic drugs, myocardial protection, 
and protocol of cardiopulmonary by-pass weaning, 
accuracy of surgical and nonsurgical hemostasis.

Neurologic complications (focal deficits or 
encephalopathy) represent dreaded sequelae of 
cardiac surgery and exclude the fast track care 
protocols. These complications delays ventila-
tory weaning and increase the general mortality.

49.8	 �Management of Temperature

Systemic hypothermia is routinely used in car-
diac surgery, during cardiopulmonary bypass 
(CPB), in order to provide myocardial and cere-
bral protection [46].

The protective effect of hypothermia may be 
explained through several pathways:

•	 hypothermia decreases the metabolism by less 
oxygen and energy consumption and less 
carbon dioxide production (VO2 slows down 
by 6%/1 °C reduction in body temperature)

•	 the cellular neuronal damage following acti-
vation of the neuro-excitatory cascade is 
reduced

•	 the ischemia induced by the inflammatory and 
the immune reactions is reduced

•	 hypothermia prevents the dysfunction of the 
blood brain barrier and reduces the vascular 
permeability [47].

Postoperative hypothermia is defined as core 
temperature <36 °C. During the early postopera-
tive period, transient hypothermia is very com-
mon, but it’s not associated with an increased 
mortality. On the other hand, persistent hypother-
mia is significantly and independently associated 
with an increased mortality [48]. Hypothermia 
induces vasoconstriction, increased pulmonary 
vascular resistance and right ventricular after-
load, increased O2 consumption, coagulopathies 
(especially platelet dysfunction), dysrhythmias, 
alterations in blood glucose homeostasis,  
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hypokalemia, hypocalcaemia, hypomagnesae-
mia, possibly immunosuppression [47].

The ideal postoperative rewarming method 
should be safe and enable fast, reliable and pre-
dictable rewarming, without causing burns [47].

The most commonly used warming techniques 
are:

•	 external and passive—they rely on the body’s 
own heat-producing mechanism to restore the 
normal temperature (heated or reflective blan-
kets, radiant heat sources from overhead or 
near the bed, raising the room temperature)

•	 active rewarming methods (heated mattresses 
and forced air tents—seem to be more effec-
tive and faster at raising core temperature)

•	 supplying warm fluids, Fortius catheter and 
Cool Gard 3000 heat exchange [49].

•	 circulating water system—it transferred more 
heat with the difference resulting from poste-
rior heating [50].

During the rewarming there is a risk of mis-
match between the total body oxygen demand and 
the oxygen delivery (rewarming shock). The 
increase in oxygen consumption happens mainly 
because of:

•	 the reperfusion of the areas of oxygen debt 
during hypothermia where lactate was gener-
ated and now reenters normal oxidative ways, 
consuming oxygen

•	 the inflammatory response to injury and free 
radical oxidation that leads to increased VO2

•	 the shivering (a concerted reaction involving 
skeletal muscle contraction and peripheral 
vasoconstriction), associated with increased 
VO2 and hemodynamic instability [47].

There are several rules that must be followed 
thoroughly in order to minimize the rewarming 
shock:

•	 Rewarming should be done slowly, in a con-
trolled manner

•	 Sedation, controlling the pain, and preventing 
of shivering should limit the oxygen 
consumption

•	 The oxygen content and transport should be 
optimized—the anemia and hypoxemia must 
be avoided [47].

Rewarming and increased body O2 consump-
tion in the ICCU can be viewed as a heat and O2 
repayment of debt after surgery. The skin vaso-
constriction and the increased muscle activity are 
considered to be appropriate thermoregulatory 
responses. Peripheral vascular resistance has 
been reported to be inversely related to central 
temperature [51].

In order to reduce the perioperative heat debt 
and to prevent and control the muscle hyperactivity 
related to hypothermia, beside physical methods, 
pharmacological means can be used [52]. Shivering 
is an involuntary, oscillatory muscular activity that 
augments metabolic heat production [53]. The 
Bedside Shivering Assessment Scale is a simple, 
validated four point scale that enables repeated 
quantification of shivering at the bedside [47].

In order to counteract shivering, the available 
active interventions are:

•	 meperidine possesses special antishivering 
properties; it decreases the shivering threshold 
twice as much as the vasoconstriction thresh-
old, in contrast to other analgesic and sedative 
drugs [47, 53, 54].

•	 other opioids (morphine, fentanyl, alfentanyl, 
pentazocin) [47, 53, 54].

•	 centrally acting analgesics (tramadol, metami-
sol, nefopam) [47, 53, 54].

•	 α2 agonist (clonidine) [47, 53, 54].
•	 correcting hypomagnesaemia with infusion of 

magnesium sulfate which produces vasodila-
tion [47, 53, 54]

•	 doxapram [53, 54].
•	 ketanserin [53, 54].
•	 supplementing dexmedetomidine with buspi-

rone (serotonin 5HT 1A partial agonist) blocks 
shivering and causes minimal sedation; in 
combination with meperidine, they act syner-
gistically (buspirone) or additively (dexme-
detomidine) [55].

•	 propofol decreases vasoconstriction and shiv-
ering threshold [47, 56].

•	 neuromuscular blockade [47].
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49.9	 �Management 
of Postoperative Bleeding

Postoperative bleeding after CPB is considered 
important if exceed 2  mL/kg/h and it affect 
approximately 8% of cardiac surgery procedures. 
Mediastinal bleeding after CPB is the main cause 
of early surgical reintervention. It can be catego-
rized as surgical and medical (Table 49.1) but you 
never can draw a strict line between. Careful 
hemostasis at the end of surgery is crucial in 
reducing postoperative blood loss. If the initial 
coagulation tests are in normal range and the 
mediastinal drainage exceed 2 mL/kg/h, prompt 
mediastinal reexploration should be done. If the 
blood accumulates around the heart it impairs the 
filling causing cardiac tamponade and if severe 
hypotension or a cardiac arrest occurs, emergency 
sternotomy in the ICCU should be performed. 
Persistent bleeding will lead to “consumptive 
coagulopathy” that is self perpetuating [57].

Residual heparin or excessive protamine is the 
main medical cause of bleeding following car-
diac surgery [58]. Heparin rebound is another 
cause of bleeding, especially in obese patients 
receiving large amounts of heparin. Close titra-
tion of protamine after cardiopulmonary bypass 
(CPB) based on activated clotting time (ACT) 
value and correcting the levels of III antithrombin 
(AT III) rather than giving extra heparin doses 
could prevent this situation [59].

Quantitative and qualitative platelet dysfunc-
tion is another cause of bleeding following car-
diac surgery. Preoperative thrombocytopenia, 
cardiopulmonary by pass (CPB) and protamine 
administration reduce the platelet count up to 
50%. Preoperative platelet dysfunction due to 

drugs administration, CPB exposure with alpha 
granule release and inadequate heparinization 
will reduce the function of thrombocytes [60].

Fibrinolysis occurs frequently after CPB and 
is caused by activation of coagulation and inflam-
matory pathways. Antifibrinolytic therapy is used 
in many cardiac surgery centers around the world 
and it includes drugs like epsilon aminocaproic 
acid, tranexamic acid and aprotinin. The last one 
is no longer used in USA and EU since 2007 
because of fear of increased risk of stroke, renal 
failure and myocardial infarction even there is 
not strong evidence to sustain this fear [61].

The coagulation abnormality contributing to 
the bleeding can be identifying using conven-
tional tests:

•	 prothrombin time measured as INR (interna-
tional normalized ratio) should be less than 
1.5; if exceed this value, fresh frozen plasma 
must be administered 10–20 mL/kg.

•	 partial thromboplastin time is usually 
increased in case of heparin rebound; prot-
amine 25 mg/h until bleeding ceased could be 
the remedial.

•	 platelet count show usually a fall under 
100,000/mmc. However, bleeding can occur 
even the number of platelets are beyond this 
value rising the suspicion of qualitative dys-
function. In both situations, if excessive bleed-
ing is present, platelet transfusion became 
mandatory.

•	 coagulation factors level can now be individu-
ally measured and goal directed therapy can 
be provided. Fibrinogen promotes platelet-
platelet interaction leading to platelet aggre-
gation. However, preoperative fibrinogen 
levels are not associated with postoperative 
bleeding at 12 and 24 h after surgery [62].

•	 After a promising rescue solution in severe 
bleeding cardiac surgery patients, recombi-
nant factor VIIa is no longer recommended 
because of fatal thrombotic episodes.

•	 Fibrinolysis, which is always present after 
CPB, can be highlight by elevated INR, PTT, 
a decreased level of factors I and VIII and the 
presence of fibrin splits products (D-dimer). 

Table 49.1  Etiology of mediastinal bleeding

Surgical and medical causes of mediastinal bleeding

1.  Surgical bleeding sites

2.  Heparin effect-residual or rebound

3.  Excessive protamine administration

4.  Platelet dysfunction

5.  Thrombocytopenia

6.  Clotting factor deficiency

7.  Fibrinolysis
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Measuring the clot strength by different meth-
ods is the best way to make the right diagnos-
tic of fibrinolysis. Administration of 
tranexamic acid 1 mg/kg/h until the bleeding 
cease could be a good option [63].

Even a lot of blood conservation techniques 
are generally approved today which include 
acute normovolemic hemodylution, hemofiltra-
tion blood, cell-saver, autotransfusion if exces-
sive bleeding occurs after surgery blood and 
blood products must be used. Every component 
should be administered rationale, based on labo-
ratory tests in conjunction with clinical judge-
ment. Never use a blood product as a plasma 
expander to correct hypovolemia. However, you 
should have in mind that administering blood 
products can induce a state of hypervolemia—
transfusion acute cardiac overload-(TACO) with 
a hemodynamic compromised situation espe-
cially on those patients with marginal ventricular 
reserve.

•	 Packed red blood cells are the rational option 
to increase the hemoglobin level. You have to 
keep in mind than any unit of transfused blood 
could precipitate catastrophic undesired reac-
tions including acute pulmonary vasoconstric-
tion crisis. The trigger level for transfusion 
must not be a number but rather a clinical situ-
ation which should include the preoperative 
associated pathology like obstructive chronic 
bronchopneumopathy, left and right ventricu-
lar function, age, rate and tendency of bleed-
ing, work of breathing. Leukoreduction of red 
blood cells is beneficial in reducing nonhemo-
lytic transfusion reactions including TRALI 
(transfusion related acute lung injury). It is 
preferred to give the freshest blood you have 
because of the low risk of bacterial infection 
and reduced incidence of renal dysfunction. 
Also, as fresh is the blood as high is the oxy-
gen carrying capacity.

•	 Platelets should be given in a bleeding patient 
when the count number below 100,000/mmc 
or when we have the suspicion of platelets 
dysfunction

•	 Fresh frozen plasma (FFP) contains all coagu-
lation factors at normal concentrations except 
factor I, factor V and factor VIII. It is recom-
mended to administer 10–20 mL/kg of FFP if 
INR is greater than 1.5. In emergent cases, 
when the patient was on antivitamin K therapy 
prior to surgery you can use new products like 
prothrombin complex concentrates (PCC) 
Pronativ which contains factor II, VII, IX, X 
and proteins C and S. FFP should be used as 
AT III substitute only if there is not available 
AT III concentrate (Thrombate III).

•	 Cryoprecipitate contains factors important in 
primary hemostasis, mainly factor I, VIIIc and 
von Willebrand. The usual dose is 1 unit of 
cryo for every 8–10 kg of body weight.

Cardiac tamponade could be a complication 
of excessive postoperative bleeding and it repre-
sents a surgical emergency. Prompt mediastinal 
reexploration is mandatory. If cardiac arrest 
developed the chest must be opened in 
ICCU. There are some signs that should heighten 
the suspicion of cardiac tamponade:

•	 Significant mediastinal bleeding with sudden 
cessation

•	 Hemodynamic instability with persistent low 
cardiac output despite increasing inotropic 
and vasopressor support

•	 Micro voltage QRS complex, compensatory 
tachycardia, arrhythmia, electromechanical 
dissociation

Useful tools to diagnose cardiac tamponade:

•	 enlarged mediastinum on thoracic radio 
graphy

•	 transthoracic or transesophageal echocardio 
graphy

Early surgical reexploration for bleeding 
increased mortality and morbidity especially if 
the opening of the chest is performed in the 
ICCU. However, delayed reintervention in exces-
sive bleeding is worst if low cardiac output per-
sists and requirements for transfusion are high.
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49.10	 �Respiratory Management 
and RV Failure after CPB

Ventilation mode selection is influenced by the 
patient’s condition upon arrival in 
ICCU.  Generally the patients need full ventila-
tory support, as they usually not demonstrate any 
inspiratory effort. Ventilatory support is provided 
either using volume ventilation or pressure venti-
lation. Each of these methods provides positive 
pressure ventilation. At the admission, the most 
used ventilation mode has to full support the 
work of breathing and allow the patient to gradu-
ally load the respiratory function and in this light 
synchronized intermittent mandatory ventilation 
(SIMV) could be the choice which is best for 
patient with normal or increased compliance but 
isn’t optimal for stiff lung or bronchospastic air-
ways. In these situations a pressure limited venti-
lation probably will provide better therapy. 
Regardless of the mode of ventilation, attention 
should be directed to mean airway pressure 
which is an expression of positive end expiratory 
pressure (PEEP), peak inflating pressure and the 
inspiratory time. High peak inspiratory pressures, 
as well as high levels of PEEP could produce 
barotrauma or compromise RV function by 
reducing preload (especially as these patients are 
usually hypovolemic) and increasing afterload.

Once the patient recovers from the anesthesia 
and regains inspiratory effort, a weaning protocol 
is indicated. It is important to decide when is pos-
sible to withdraw safety the ventilatory support 
and let the patient to breath spontaneously. 
Weaning process should be stopped if there are 
clinical and para clinical signs that are no well 
tolerated (somnolence or agitation, hemody-
namic alteration, increase in respiratory rate, 
hypoxemia, and increase of lactate level). Oxygen 
consumption and cardiac index increase in 
patients during weaning from mechanical venti-
lation and the additional load on the cardiovascu-
lar system could be crucial in some patients.

There are studies that have evaluated the effi-
cacy of one mode of ventilation in relation to 
other in this first postoperative period; commonly 
used methods of mechanical ventilation are 
SIMV, bi phase plateau airway pressure (BiPAP), 

pressure support ventilation (PSV). All three 
modes of ventilation were found to have similar 
effects on hemodynamic stability and gas 
exchange [64].

It could not determine the exact indication of a 
particular ventilation mode. This was left to the 
decision of the anesthetist based on his experi-
ence and patient pathology. Studies analyze and 
compare the benefits of a ventilation mode in 
relation to other. There are still debates about the 
appropriate protocol for ventilatory management 
in cardiac anesthesia.

49.11	 �Fluid Management and RV 
Failure

One of the main objectives in the early postopera-
tive period is maintaining an adequate intravascu-
lar volume for an optimal cardiac output and a 
proper tissue perfusion. The CPB triggers a tran-
sient systemic inflammatory response that 
increases capillary membrane permeability (the 
capillary leak syndrome) and lead to decreased 
intravascular volume. Most often, maintaining 
intravascular volume occurs at the expense of 
expansion of the interstitial space. Postoperative 
bleeding and excessive administration of diuret-
ics may also contribute to shrink the total blood 
volume. To counteract these phenomena, fluid 
therapy is an important part of treatment in the 
immediate postoperative period. Ideal fluid ther-
apy should avoid both hypovolemia and hyper-
volemia and should be a goal directed therapy. 
Goal-directed hemodynamic therapy is an effec-
tive tool to reducing the incidence of postopera-
tive complications after cardiac surgery and 
shortening hospital length of stay.

Adequate volume therapy involves the need 
for monitoring the hemodynamic parameters. 
Immediately after surgery, the patient is basic 
monitored with EKG, pulse oximetry, central 
venous pressure, pressure recording thru arterial 
lines, urinary flow and arterial blood gas analyze. 
Right heart failure requires advanced monitoring 
techniques like pulmonary artery catheter or trans 
pulmonary thermodilution and calibrated pulse 
contour analysis and TTE. Although Swan Ganz 
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pulmonary artery catheter is the gold standard for 
hemodynamic determinations, the new noninva-
sive or minimally invasive techniques can pro-
vide valuable information and they are less 
expensive and with fewer complications.

Vasoplegic syndrome is a common complica-
tion encountered immediately after surgery 
which can cover various aspects. When no longer 
can be managed by fluid therapy it requires vaso-
pressor therapy like norepinephrine or 
vasopressin.

The fluid solutions used are either crystalloid 
or colloids.

Crystalloids solutions are given to every 
patient who undergoes surgery. Among crystal-
loids, balanced solutions are preferred because 
there are several advantages in their use. Balanced 
crystalloids solutions (Ringer lactate, Hartmann 
solution, Accusol, Normasol, Sterofundin, 
Plasma Lyte) contents slightly less Na, signifi-
cant less chloride and have buffers such as lactate 
or acetate which determine a strong ion differ-
ence (SID) closer to that of plasma. They seem to 
be involved in maintaining renal blood flow, pre-
venting metabolic acidosis and reducing the inci-
dence of postoperative atrial fibrillation. A study 
to evaluate the effect of fluid therapy using 
Accusol showed that standard base excess was 
more stable in patients treated with Accusol. 
During the fluid therapy with crystalloids, one 
should keep in mind the risk of interstitial over-
load. The most important in this regard is increas-
ing in extravascular lung water that can lead to 
pulmonary edema with its consequence on oxy-
genation. After the last warnings related to syn-
thetic colloid, isotonic balanced crystalloids 
remains the fluid of choice immediately 
postoperative.

Colloids have better volume effect and stay 
longer in the intravascular space then crystal-
loids. Choices of colloids include either natural 
colloids (albumin) or synthetic (hydroxyethyl 
starch solutions, gelatins).

Starch solutions formed generally as 6% HES 
in normal saline (Hespan, Voluven) or in bal-
anced electrolyte solution (Hextend), have 
greater oncotic pressure than crystalloids, so they 
could provide better volume expansion. Studies 

in connection with the use of HES have focused 
not only on volume expansion but also on possi-
ble side effects. HES solutions can be divided 
according to their molecular weight (MW) or 
their molar substitution ratio (MS) in older solu-
tions and new low MW compounds. The higher 
the molar substitution ratio the greater the resis-
tance to degradation. Thus older generation of 
HES (heptastarch) accumulate in the plasma 
unlike the latest tetrastarch and probably gener-
ate the renal complications. There are three starch 
solution in the USA licensed for intravascular 
use: Hespan (licensed in 1972), Hextend (1999) 
and the newest tetrastarch Voluven (licensed in 
2007), but also other solutions available in 
Europe and Canada (Pentaspan). HES solutions 
are used since1978 but from 1993 have been 
reported renal dysfunctions and clotting disor-
ders related to their use. In light of these trials the 
European Medicine Agency decide in 2013 that 
HES is no longer indicated in patients with sep-
sis, burn injuries or in critically ill patients 
because of the risk of kidney injury and rise in 
mortality [67]. FDA has analyzed recent data that 
indicate an increased risk of excess bleeding par-
ticularly in patients undergoing open heart sur-
gery in association with cardiopulmonary bypass 
[65]. There is also a lack of robust long-term 
safety data in patients undergoing surgical proce-
dures. HES solutions can be used only in hypovo-
lemia due to acute blood loss, when treatment 
with crystalloids alone is not considered suffi-
cient [67]. In conclusion in cardiac surgery 
patients, fluid therapy with perioperative admin-
istration of synthetic colloids carries a high risk 
of renal replacement therapy and blood loss and 
is not more effective than treating with only crys-
talloids [68]. As colloids are not associated with 
an improvement in survival and are considerably 
more expensive than crystalloids, it is hard to see 
how their continued use in clinical practice can 
be justified [68].

Albumin seems to be the best colloid solution 
used in any low volume state situation.

Pre-operative hypoalbuminemia is an inde-
pendent risk factor for multiple poor outcomes in 
cardiac surgery and albumin administration may 
be valuable prior to cardiac surgery [69].
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Values below 3.5  g/dL reveled worse long 
term survival after cardiac surgery [70]. The 
same applies to low albumin values in the postop-
erative period and albumin administration post-
surgery may improve patient survival [71]. 
Albumin 5% is approximately five times more 
efficient as a plasma volume expander compared 
with normal saline in postoperative cardiac surgi-
cal patient and hyper oncotic albumin (with a vol-
ume effect of more than 100%) is a good option 
to recruit interstitially stored fluid toward the cir-
culatory [72, 73]. Albumin, besides being a good 
volume expender, preserve coagulation and has 
oxygen free-radical scavenging and anti-
inflammatory properties. It has found useful both 
as for pump priming and as a volume expender.

The studies performed till at issuing warning 
related to the use of HES, showed that albumin is 
better than HES on postoperative blood loss and 
as volume expender but it does not impair hemo-
stasis after CPB [74]. Albumin may also have 
beneficial effects on renal function. It is the only 
colloid in which renal safety is supported by a 
large, multi-center, double-blind, randomized 
controlled trial in critically ill patients [75]. A 
recent study comparing chloride-liberal with 
chloride-restrictive intravenous fluid administra-
tion in critically ill patients demonstrated that a 
chloride-restrictive strategy with 20% albumin 
was associated with a significant decrease in the 
incidence of acute kidney injury and failure, and 
the use of renal replacement therapy [74, 75].

There are three types of new generation of 
gelatins currently used in the world: succinylated 
or modified fluid gelatins (Gelofusine, Plasmagel, 
Plasmion), urea-cross-linked gelatins 
(Polygeline) and oxypolygelatins (Gelifundol). 
They are cheaper compared with albumin or HES 
and do not have any upper limit of volume that 
can be infused. If the effect on blood loss is com-
parable with HES, induced renal changes are 
more important [74, 75].

Hypertonic solutions have attracted attention 
in last years because of the possibility of aug-
menting intravascular volume but also for their 
effects on immune system. Recent investigations 
have shown their role in decrease of inflamma-
tory response and cytokines generation [76].

Studies lead by Jarvela and colleagues stated 
that administering a single dose of 4  mL/kg of 
7.5% NaCl over 30 min to CABG patients during 
the postoperative rewarming phase resulted in 
intense diuretic effects and decreased fluid reten-
tion [76–78].

49.12	 �Metabolic and Endocrine 
Disturbances

The first 24 h after CPB represent to a period of 
major shift in metabolic and endocrine 
homeostasis.

Hyperkalemia is a common disturbance of 
homeostasis after cardiac surgery. High-
potassium cardioplegia solutions combined 
with postoperative renal failure and low flow 
states are the main causes of hyperkalemia. The 
optimal level of kalium (K) after cardiac sur-
gery is 3.8–4.2  mEq/L.  Values higher than 
5.5  mEq/L can induce life threating arrhyth-
mias. Early ECG changes (peaked T waves, ST 
depression, increased PR interval, QRS widen-
ing) require emergent pharmacological inter-
ventions in order to decrease potassium level to 
a safe value: Calcium gluconate/calcium chlo-
ride, Insulin, Sodium bicarbonate, Furosemide, 
Hemodialysis.

Copious diuresis without proper replacement 
is the main cause of hypokalemia after 
CPB.  Atrial, junctional, ventricular ectopy, AV 
block and ventricular tachycardia/fibrillation can 
be triggered if plasma kalium is below 
3  mEq/L.  Treatment consist of kalium replace-
ment via intravenous route by giving KCl 1  M 
and check K level each 30 min.

Ionized calcium (Ca) should be monitored 
routinely in cardiac surgery patients and main-
tained in a tight range of 1.1–1.5 mmol/L. In the 
early period after CPB, ionized calcium level is 
decreased due to hemodylution, hypothermia, 
shift in pH and the use of citrated blood. Calcium 
gluconate or calcium chlorides are the pharmaco-
logical options to increase the serum calcium 
level. Clinical effects are: Increase SVR, increase 
inotropic, offset protamine vasodilator effects, 
increase clot strength and reduce bleeding.
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Cardiopulmonary bypass (CPB) is associated 
with a metabolic acidosis of variable severity and 
it represents the main cause of acidosis in the first 
24 h after cardiac surgery. Low flow states and 
the pump priming solutions with lactate buffer 
usually generate lactic acidosis (organic acidosis) 
whereas hypercloremic acidosis (inorganic aci-
dosis) is created by pump priming solutions high 
chloride concentration. The recent studies indi-
cates that the main cause of CPB induced acido-
sis is an iatrogenic one as it can be demonstrated 
using Stewart equation used to calculate the 
Strong Ion Difference (SID):

	 SID Na K Ca Mg Cl= −++ ++ +++ ++ −

	
where each is expressed in mEq/L; normal 
value = 40–42 mEq/L.

Type A lactic acidosis is a sign of anaerobic 
metabolism secondary to impaired tissue oxy-
genation in low flow states. The treatment is 
addressed to increase the oxygen delivery and 
reduce the oxygen consumption by all pharmaco-
logical and mechanical means. A lactate level 
greater than 5 mmol/L at 24 h after CPB is asso-
ciated with increased mortality.

Type B lactic acidosis occurs in the absence of 
hypoxia and is secondary to pyruvate accumula-
tion resulted from free fatty acid metabolism. 
Glucose, insulin and reduce the level of catechol-
amine represent the first therapeutic option.

The treatment of hypercloremic acidosis con-
sists in correcting pH using one of the following 
solutions: Sodium bicarbonate, Carbicarb (mix-
ture of sodium bicarbonate and sodium carbon-
ate), Tromethamine (Tris buffer).

Elevated levels of cortisol, catecholamine and 
activation of sympathetic nervous system are the 
main causes of hyperglycemia in the first 24  h 
after cardiac surgery. Hyperglycemia over 
180 mg/dL is associated with increased mortality 
and morbidity in cardiac surgery patients.

Regular drip infusion of insulin is the only 
rationale treatment for hyperglycemia. The goal 
is to maintain serum glucose under 180  mg/dL 
while avoiding hypoglycemia. In order to reduce 
perioperative complications, tight glycemic con-
trol protocols were introduced in majority of 
ICCUs but abandoned since recent attempts to 

confirm these findings have not succeeded. 
Instead, they have increased the fear for negative 
consequences of hypoglycemia. Hypoglycemia 
is four to seven times more frequent in patients 
treated with strict glycemic control [79].

49.13	 �Specific Measures

49.13.1  �RV Failure 
and Hemodynamic Support 
After CPB

The main goal of hemodynamic support after 
cardiac surgery is to maintain a minimum cardiac 
index (CI) of 2.2–2.4  L/kg/min. However, the 
optimal cardiac index after surgery has to be at 
least 50% higher than the minimum one to ensure 
weaning of ventilator support, optimal tissue 
oxygen delivery, avoiding organ dysfunction and 
proper wound healing. The inability to achieve an 
optimal CI in the first 24 h after ICCU admission 
increase the risk of developing multiple organ 
failure (MOF) increasing mortality, morbidity 
and costs. Ventilatory support (mechanical venti-
lation), mechanical hemodynamic support (car-
diac assist devices), renal replacement therapies 
(dialyzer) are the main tools used, in a very 
expensive manner, to “gain more time” in the bad 
scenario of organs failure. Optimizing the pre-
load, afterload, myocardial contraction and relax-
ation, ensuring the optimal heart rate and 
atrio-ventricular synchronism are the physiopa-
thology options to increase the cardiac output. 
These are general measures applied in every case 
of low cardiac output scenarios. However, RV 
failure after CPB needs a particular approach 
even, like left ventricle, RV obeys the Frank-
Starling law. RV, as we already outlined before, it 
has a thin wall with high dispensability and drains 
to a low pressure-low resistance pulmonary vas-
cular system. With any abnormality in the pre-
load, afterload or contractibility, a rapid 
dysfunction of the RV is produced [65, 66]. The 
specific physiopathology process of RV failure 
after cardiac surgery is more complex. Several 
mechanisms have been attributed to RV failure 
development, but according to the patient’s  
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conditions, more than one mechanism may con-
cur; among these mechanisms, preexistent PH, 
PH associated with CPB and ventricular interde-
pendency are between the most relevant. 
Pulmonary vasoconstriction and acute increase in 
RV afterload after weaning from CPB may be 
due to inflammatory mediators that cause endo-
thelial damage or due to ischemic and reperfu-
sion mechanisms owing to bronchial arteries 
inadequate blood flow [65]. There is a lack of 
equilibrium between the vasodilation and vaso-
constrictor endogenous substances with an 
imbalance between vasodilators (nitric oxide and 
prostacyclin) and vasoconstrictors (thromboxane 
A2 and endothelin) [65].

There are specific factors related to cardiac 
surgery that may cause PH and disturb the hemo-
dynamic determinants of the RV, for example, 
administration of heparin and/or protamine, pul-
monary micro embolism phenomena, ischemia 
of the RV, metabolic acidosis, hypercapnia, hypo-
thermia, hydric overload, poor myocardial pro-
tection, long CPB time, obstruction of vascular 
grafts, and loss of auricular-ventricular syn-
chrony [65].

Monitoring of cardiac output could be a diffi-
cult task after cardiac surgery. This include inva-
sive hemodynamic monitoring (arterial, central 
venous, pulmonary artery and capillary wedge 
pressures, trans pulmonary thermodilution com-
bined with pulse contour analysis PICCO), trans-
thoracic or transesophageal echocardiography 
and provide values of systemic/pulmonary/car-

diac pressures and cardiac volumes. Thereto TTE 
exam could provide direct 2D, 3D and Doppler 
values regarding RV function and pulmonary 
arterial pressure. All these values can be com-
puted analyzed offering a lot of derived hemody-
namic parameters (Table 49.2).

Based on direct monitoring and derived data it 
can be imagined an algorithm for ICCU manage-
ment of post CPB RV failure:

•	 Check oxygenation, improve ventilation, 
assure adequate sedation/analgesia.

•	 High preload due to volume overload, valvu-
lar regurgitation or left-right shunt: reduce 
preload using pharmacological (nitroglycer-
ine, morphine, diuretics) or mechanical means 
(ultrafiltration); close shunt, change/repair 
valve.

•	 Low preload due to hypovolemia. Optimizing 
preload in the early postoperative period could 
be a difficult task. A common approach to 
optimize preload is a clinical one by giving 
small amounts of fluids (ex. 250–500 mL) and 
look for the signs of increased cardiac output. 
Systemic inflammatory response, which is a 
common feature after CPB produce a capil-
lary leak syndrome and can mask the clinical 
response to fluid challenge.

•	 Poor RV contractility due to:
–– Low inotropic due to previous RV dysfunc-

tion, poor myocardial protection, pro-
longed pump CPB, early sepsis, arrhythmia. 
A variety of inotropic and vasoactive medi-

Table 49.2  Hemodynamic measurement guide-normal values (after PULSION Medical Systems AG)

Parameter Abbreviation Range Unit

Cardiac index CI 3.0–5.0 L/min/m2

Stroke volume index SVI 40–60 mL/m2

Global end-diastolic volume index GEDI 680–800 mL/m2

Intrathoracic blood volume index ITBI 850–1000 mL/m2

Stroke volume variation SVV <10 %

Pulse pressure variation PPV <10 %

Systemic vascular resistance index SVRI 1970–2390 dyn s cm−5 m2

Mean arterial pressure MAP 70–90 mmHg

Extravascular lung water index ELWI <10 mL/kg
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cations are used to provide hemodynamic 
support for the patients with inappropriate 
myocardial function. The most used in now 
days practice are:
Epinephrine is usually the first line drug for 

a marginal cardiac output; usually doses 
range 0.01–0.05  μg/kg/min; vasocon-
strictor effect if the dose is 0.05–0.2 μg/
kg/min;

Dobutamine increase cardiac output and 
decrease SVR; doses range 5–20 μg/kg/
min; can induce tachyarrhythmia.

Dopamine may be considered a first line 
drug for low cardiac output state; 
increase SVR; doses 2–20 μg/kg/min.

PDE III inhibitors (amrinone, milrinone, 
enoximone) are considered “inodila-
tors”; they improve contractility and 
decrease PVR and SVR; Drugs of 
choice in RV dysfunction; improve left 
ventricle diastolic function, altered after 
CPB.

Levosimendan is used especially in acute 
decompensated chronic heart failure; 
useful in combined procedure (valve 
and CABG) when the LV ejection frac-
tion is <40% before surgery; loading 
dose 12–24  μg/kg followed by 0.1–
0.2 μg/kg/min.

Norepinephrine is primary used to rise 
SVR; usually dose is 0.05–0.20 μg/kg/
min; useful in low cardiac output state 
combined with low SVR after CPB; 
higher doses will reduce visceral blood 
flow. Increase PVR and can increase RV 
dysfunction.

Vasopressin is another drug used to rise 
SVR if the norepinephrine fails; it may 
compromise a marginal left ventricle 
and secondary induce RV failure.

–– Coronary hypo perfusion due to coronary 
artery embolism, mechanical obstruction 
of the right coronary artery or LV failure 
with secondary right coronary hypo 
perfusion.

•	 High afterload due to:
–– Pulmonary vasoconstriction (hypoxia, 

hypercapnia, acidosis, blood transfusion, 
delayed protamine reaction).
Correct factors that increase PVR
There are a lot of drugs that reduce the pul-

monary vascular tonus. None of them is 
an ideal one since each drug has adverse 
reactions.
•	 Nitroso dilators (nitroglycerin and 

nitroprusside) have the potential to 
reduce the RV afterload but also the 
preload and the SVR and this combi-
nation could reduce the cardiac 
output.

•	 Inhaled nitric oxide (NO) is a selec-
tive pulmonary vasodilator. The ther-
apeutic dose is 10–40  ppm 
administered in the ventilatory cir-
cuit and you have to close monitor 
the levels of met hemoglobin 
(MetHb), the toxic metabolite of 
NO. Always you have to reduce the 
NO delivered to the patient very 
slowly in order to avoid rebound 
increase of PVR. NO can be stopped 
once 6 ppm is reached. The utility of 
this drug in adult cardiac patients is 
uncertain.

•	 Prostaglandin and prostacyclin ana-
logs can be delivered intravenous or 
via airway. They are very strong pul-
monary arterial dilators, easy to 
titrate, rapid metabolized and with-
out toxic metabolites.

•	 Phosphodiesterase inhibitors (PDE) 
type V sildenafil, tadalafil, varde-
nafil, and the newer udenafil and ava-
nafil are used primary for erectile 
dysfunction. Sildenafil given in small 
doses (25–50  mg) is used to wean 
patients from inhaled or intravenous 
pulmonary vasodilators.

–– Pulmonary congestion secondary to LV 
dysfunction
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If pharmacologic support fails to increase the 
cardiac output beyond a cardiac index (CI) of 
1.8–2.2 L/min/m2 despite the optimal preload and 
afterload, mechanical hemodynamic support 
should be provided. There are some devices 
available now. Each of them offers benefits and 
has limitations.

Intra aortic Balloon Counter pulsation (IABP) 
“unload the heart,” increase diastolic coronary 
perfusion and improves graft diastolic flow. Its 
benefit is very controversial for the RV. Boeken 
et al. described 79 patients with low cardiac out-
put syndrome due to RV failure treated with 
IABP with a survival rate of 63% at 30 days and 
a significant increase of the cardiac index and 
median systemic arterial pressure. However, only 
28% survived at 75 months follow-up [80].

Circulatory assist devices provide flow to sup-
port the systemic or/and pulmonary circulation 
while resting the heart allowing it to undergo meta-
bolic and functional recovery or bridging the patient 
to transplantation or totally implantable artificial 
heart. These devices became smaller, smarter, more 
compatible with the human body allowing a greater 
independence. However, none is without adverse 
reactions, some of them life threatening.

As circulatory assist devices use became 
widespread there was a great concern about new 
diagnosis criteria of right heart failure including 
the cases with implanted left sided heart assist 
devices (Table 49.3). The use of RV mechanical 
circulatory support has seen advances in the 
recent years, and the field continues to evolve to 
provide novel solutions and meet the needs of a 
growing population with RHF. RV support could 
be needed in different clinical situations, such as 
postcardiotomy, heart transplantation or LVAD 
implantation. The right ventricle has a great 
potential for recovery especially in the acute set-
ting. Most of the recent advances have been seen 
with temporary assist devices of the right ventri-
cle, whereas more chronic RV support is accom-
plished using LVAD devices modified to adapt to 
the cardiopulmonary system.

Extracorporeal membrane oxygenation 
(ECMO) systems have proven to be valuable 
with the major advantage of supporting hypoxic 
patients, having the possibility of a peripheral 

cannulation strategy and being low cost com-
pared with other options [81].

CentriMag (Levitronix LLC, Waltham, 
Massachusetts, USA) is another solution that uti-
lizes central cannulation directly from the right 
atrium to the pulmonary trunk without an oxy-
genator allowing low anticoagulation level but 
requiring surgical implantation [82].

Table 49.3  Diagnostic criteria for right ventricular fail-
ure in cardiac surgery

Clinical 
situation Definition criteria

Left 
ventricular 
assist device 
(LVAD)

Dispneea or impossible to wean 
ventilation, oliguria <0.5 mL/kg/min, 
right atrial pressure (RAP) 
>18 mmHg, CI < 2 L/min/m2 in the 
absence of high left atrial pressure or 
high capillary wedge pressure 
>18 mmHg or tamponade or 
pneumothorax or ventricular 
arrhythmias requiring RVAD (severe) 
or requiring inhaled nitric oxide or 
prostaglandine E or inotropic therapy 
more than 1 week any time after 
LVAD implantation (moderate).
Mild RV dysfunction: two of the 
following criteria:
1. RAP > 18 mmHg
2. CI < 2.3 L/min/kg
3. Ascites or peripheral edema
4. Vena cava inferior >2 cm without 
inspiratory collapse (echocardiograme)

Right heart 
failure with 
normal LV 
function

Dispneea or impossible to wean 
ventilation, oliguria <0.5 mL/kg/min, 
right atrial pressure (RAP) 
>18 mmHg, CI < 2 L/min/m2 in the 
absence of high left atrial pressure or 
high capillary wedge pressure 
>18 mmHg or tamponade or 
pneumothorax or ventricular 
arrhythmias with preoperative PAH 
requiring pumpless interventional lung 
assist ventilator (severe)
Mild RV dysfunction: two of the 
following criteria:
1. RAP > 18 mmHg
2. CI < 2.3 L/min/kg
3. Ascites or peripheral edema
4. Vena cava inferior >2 cm without 
inspiratory collapse (echocardiograme)

Right heart 
failure with 
severely 
depressed 
LV function

Severe RV enlargement in context of 
severely depresed CI
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The Impella RP is an axial intracorporeal 
pump inserted through the femoral vein pumping 
blood from the inferior vena cava into the pulmo-
nary artery [82].

The TandemHeart for RV support uses a dual 
lumen cannula removing blood from the right 
atrium and pumping back by an extracorporeal 
pump into the pulmonary artery. If needed, an 
oxygenator could be added to the TandemHeart 
system [82].

The pump less interventional lung assist mem-
brane ventilator marketed by NovalungGmbH 
(Hechingen, Germany) is a low-gradient device that 
can allow complete CO2 removal in patients with 
respiratory failure and adequate oxygenation [82].

�Conclusions

There has been great progress in the evaluation 
and management of RHF in cardiac surgery in 
the last decade and further improvement will 
require well designed multicenter studies.
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Abstract

The heart and the liver are closely related; 
there are diseases of the heart affecting the 
liver (cardiac cirrhosis) and illnesses of the 
liver that involve the heart and finally disor-
ders implicating both the heart and the 
liver (hemochromatosis, amyloidosis, alcohol 
abuse). Involvement of the cardio-pulmonary 
system in chronic liver disease can manifest 
as different clinical syndromes implicating 
the right ventricle: cirrhotic cardiomyopathy, 
hepatopulmonary syndrome, portopulmonary 
syndrome. These problems complicate the 
perioperative management and the postopera-
tive evolution of liver transplant patients. 
Cirrhotic cardiomyopathy is characterized by 
intrinsic alterations in myocardial function. 
Even if right ventricle dysfunction is not 
included in the diagnostic criteria of cirrhotic 
cardiomyopathy, right ventricular diastolic 
dysfunction is a frequent finding in patients 
with chronic liver disease. Hepatopulmonary 
syndrome is defined as a triad of chronic liver 
dysfunction, intrapulmonary vasodilatation 

and hypoxemia that worsens with the erect 
posture. Portopulmonary hypertension is the 
association of pulmonary with portal hyper-
tension. It is a rare condition but a life threat-
ening one. Cirrhotic patients will be at higher 
risk of right heart failure due to pulmonary 
hypertension as we deal with decreased right 
ventricular contractility in cirrhotic cardio-
myopathy or dilatation of the right ventricle 
secondary to volume overload. Liver trans-
plantation can ameliorate conditions as cir-
rhotic cardiomyopathy or hepatopulmonary 
syndrome but does not really influence porto-
pulmonary hypertension and is contraindi-
cated in the severe form.

Keywords

Cirrhotic cardiomyopathy · Hepatopulmonary 
syndrome · Portopulmonary hypertension  
Liver transplant

50.1	 �Introduction

The heart and the liver are closely related; dis-
eases affecting the heart can determine cardiac 
cirrhosis or congestive hepatopathy or even isch-
emic hepatitis as a result of cardiogenic shock. 
Illnesses of the liver will eventually determine 
malfunctions in the cardiopulmonary system 
affecting the heart and the pulmonary circulation 
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with secondary effects involving the right ventri-
cle. There are also systemic disorders (hemochro-
matosis, amyloidosis), infective diseases (HIV 
infection, Hepatitis C virus), as well as alcohol 
abuse implicating both the heart and the liver [1].

Involvement of the cardio-pulmonary sys-
tem in chronic liver disease can manifest as dif-
ferent clinical syndromes implicating the right 
ventricle (RV): Cirrhotic cardiomyopathy 
(CCM), Hepatopulmonary syndrome (HPS) 
and Portopulmonary hypertension (POPH) [2].

These complications of liver disease increase 
the risk of liver transplant and worsen the intra 
operative evolution and postoperative outcome of 
the patients. A better understanding of those enti-
ties will lead to a better prognostic for the patients.

50.2	 �Cirrhotic Cardiomyopathy 
and RV Dysfunction

In end-stage liver disease (ESLD) patients, car-
diac dysfunction was first described in alcohol-
related cirrhosis [3]; however, cardiac impairment 
despite a high resting cardiac output was later 
observed irrespective of the causes of liver cir-
rhosis [4]. This syndrome is known as cirrhotic 
cardiomyopathy, defined as chronic cardiac dys-
function in patients with cirrhosis characterized 
by blunted contractile responsiveness to stress 
and/or altered diastolic relaxation with electro-
physiological abnormalities, in the absence of 
known cardiac disease [4]. The prevalence of this 
syndrome is unknown, as it is under diagnosed 
because of near normal cardiac function at rest 
[4]. However, data from literature describe signs 
of cardiac dysfunction in about 50% of cirrhotic 
patients undergoing liver transplantation and 
deaths caused by overt heart failure in 7–21% of 
patients after orthotopic liver transplantation [4].

50.2.1	 �Pretransplant Assessment

The pretransplant diagnosis of this syndrome is 
very important, in order to avoid acute cardiac 
failure after liver transplantation [5]. In patients 
waiting for liver transplant screening of cirrhotic 
cardiomyopathy should be made irrespective of 

their cirrhosis severity, assessed by MELD or 
Child score [5].

Diagnosing CCM can be difficult, as the 
splanchnic arteriolar vasodilatation and the over-
all reduction in systemic vascular resistance lead 
to an increased cardiac output in the typical cir-
rhotic patient, masking the cardiac dysfunction. 
This hyperdynamic pattern gives the appearance 
of a normal to increased cardiac performance and 
even clinically significant cirrhotic cardiomyopa-
thy may not be recognized [2]. However, when 
the patient is subjected to stress such as an acute 
decompensation of the liver disease, bacterial 
infections, TIPS or liver transplantation, this high 
output cardiomyopathy is revealed, resulting in 
cardiac failure and pulmonary hypertension [2, 
4]. Baseline cardiac output is high and cannot 
adapt to stress by a further increase.

Echocardiography is useful to detect the sub-
clinical systolic dysfunction and diastolic dys-
function [6]. The deformation of the longitudinal 
fibers, which is an early sign of systolic dysfunc-
tion can be detected by the use of tissue Doppler 
echocardiography [6, 7]; this technique is also 
useful for the diagnosis of early diastolic dys-
function [6, 7]. Electrophysiologic anomalies in 
cirrhotic patients, such as the prolongation of the 
QT interval corrected for the heart rate, are usu-
ally detected using a 12 lead electrocardiography 
[6]. Prolongation of the corrected QT interval is 
considered to be the earliest sigh of CCM [4, 8]. 
Cardiac biomarkers, such as NT pro-BNP plasma 
levels, are raised in patients with liver cirrhosis, 
correlate with the severity of the liver disease, 
with left atrial dilatation and with diastolic dys-
function on echocardiography [6, 9]. The evalua-
tion of different cardiac biomarkers may be a 
useful tool in screening patients for the presence 
of cirrhotic cardiomyopathy [10].

There is no doubt that RV dysfunction corre-
lates with increased morbidity in different clini-
cal settings. The echocardiographic assessment 
of the right heart can reveal subclinical RV dys-
function. However, echocardiographic studies in 
liver transplant candidates mainly focus on the 
diagnosis and assessment of wall motion abnor-
malities, POPH or intrapulmonary shunts [11]. 
There are only a few publications evaluating 
right ventricular function in patients with chronic 
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liver disease [12]. In a recent study, Lopez-
Candales et al. demonstrated that ESLD patients 
had increased values for the tricuspid annular 
plane systolic excursion (TAPSE), tricuspid 
annular tissue Doppler systolic velocity and RV 
fractional area change compared to healthy con-
trols [11]. It is unclear if the same normal ranges 
for echocardiographic assessment of RV function 
should be used in the particular setting of hyper-
dynamic circulation of cirrhotic patients [11].

Even if RV dysfunction is not included in the 
diagnostic criteria of CCM, right ventricular dia-
stolic dysfunction is a frequent finding in patients 
with chronic liver disease [12]. In a study focus-
ing on echocardiography findings in cirrhotic 
patients with HPS, Karabulut et al. demonstrated 
that right ventricular end-diastolic diameter, right 
ventricle free wall thickness and right atrium 
were increased in cirrhotic patients without HPS 
compared to controls [12]. Using Doppler, they 
also revealed right ventricle diastolic dysfunction 
(defined as tricuspid E/A < 1 or increased tricus-
pid dt corrected for age) in cirrhotic patients 
without HPS [12]. As opposite to LV diastolic 
dysfunction which is known to be associated 
with ascites in cirrhotic patients, Karabulut et al. 
found no correlation between RV diastolic dys-
function and ascites in their study [12].

In a retrospective post-mortem study analyz-
ing a large number of autopsy reports, Wehmeyer 
et al. found increased incidence of right ventricu-
lar hypertrophy and dilatation in cirrhotic patients 
compared to controls [13].

In a small study comparing echocardiography 
findings in cirrhotic patients with healthy controls, 
Soyoral et al. reported right ventricle diastolic dys-
function and biatrial dilatation with increased pul-
monary artery pressures in the group of patients 
with cirrhosis [14]. A recent study on 216 liver 
transplant patients demonstrated using multivari-
ate regression analysis that the pretransplant 
degree of tricuspid regurgitation was associated 
with increased mortality and graft failure [15].

In conclusion, data from the literature suggest 
that right heart dysfunction may be under diag-
nosed in liver cirrhosis patients and could be asso-
ciated with or included in the entity of cirrhotic 
cardiomyopathy. RV dysfunction can be present in 
cirrhotic patients even in the absence of LV systolic 

or diastolic dysfunction [12]. Efforts should be 
made to increase the clinicians’ awareness for car-
diac dysfunction in cirrhotic patients, especially in 
liver transplant candidates [16]. When a patient 
develops CCM, the cardiac evaluation including 
transthoracic echocardiography should be under-
taken regularly (every 3 months) prior to transplan-
tation [17]. Pretransplant diagnosis of cardiac 
dysfunction mandates intraoperative and postoper-
ative cardiovascular monitoring and efforts for 
minimizing excessive fluctuations in preload and 
afterload in order to avoid acute decompensation 
[17]. Pretransplant diagnosis of an underlying 
latent cardiac failure could also be a decision factor 
in graft choice, as it was demonstrated poor graft 
survival in patients with LV diastolic dysfunction, 
making the initial quality of graft more important 
in this patient category [17, 18].

50.2.2	 �Intraoperative Management

Liver transplant is associated with significant 
hemodynamic fluctuations due to increased blood 
loss, third space fluid loss and major vessel clamp-
ing depending on the surgical technique used 
[17]. During liver transplantation, patients can 
develop pulmonary edema because of impaired 
cardiac function in conjunction with volume 
replacement [19].

The reperfusion phase of liver transplantation is 
often associated with significant hemodynamic 
instability and during this phase right ventricular 
failure is not uncommon; intraoperative monitor-
ing using trans esophageal echocardiography 
(TEE) is useful for the early detection of right ven-
tricular failure [17, 20]. TEE allows direct visual-
ization of the heart chambers and can identify 
earlier RV dysfunction better than by using a pul-
monary artery catheter. Due to increased RV com-
pliance leading to significant dilatation, changes in 
pressure occur at later stages, thus the RV dysfunc-
tion diagnosis by pressure measurements is 
delayed [17, 20]. Rosendal et  al. demonstrated 
higher values for RV volumes and stroke volume 
measured by thermodilution using a pulmonary 
artery catheter compared to three-dimensional 
trans esophageal echocardiography, and concluded 
that more research is needed regarding the most 
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valuable monitoring technique for RV assessment 
during liver transplant surgery [21].

During the reperfusion of the graft, the release 
of cold, ischemic, hyperkalemic components and 
of inflammatory cytokines from the graft leads to 
marked hemodynamic instability by further 
increasing vasodilatation and decreasing myo-
cardial contractility [17]. In patients with CCM 
undergoing liver transplantation, the use of strat-
egies to limit excessive variations of preload and 
afterload and to minimize the reperfusion syn-
drome, such as the careful correction of acid-base 
and of electrolytes disturbances and the use of 
high-quality grafts are extremely important [17].

50.2.3	 �Post-transplant Evolution

Cardiac alterations diagnosed in cirrhotic 
patients, such as blunted response to stress, dia-
stolic dysfunction and a mild degree of increased 
ventricular wall thickness are completely revers-
ible after liver transplantation, with significant 
improvement of heart function parameters 
between 6 and 12 months after transplant surgery 
[22]. The hyperdynamic pattern is reversed the 
first year after transplantation [23]. In their study, 
Torregrosa et al. reported that the hyperdynamic 
syndrome disappeared, both systolic and dia-
stolic functions improved at rest and during exer-
cise and ventricular wall thickness decreased 
after 6–12 months after liver transplant surgery 
[22]. Even if the time interval necessary for the 
complete reversal of hemodynamic anomalies is 
still under debate, it is agreed that both hyperdy-
namic syndrome and portal hypertension are cor-
rected after liver transplantation [5]. The 
reversibility of RV dysfunction after liver trans-
plantation has not been specifically addressed.

50.3	 �Hepatopulmonary 
Syndrome

50.3.1	 �Pretransplant Assessment

Hepatopulmonary syndrome (HPS) was first 
described in 1977 by Kennedy and Knudson 

[24]. It is defined as a triad of chronic liver dys-
function (usually liver cirrhosis, but it can also 
include other causes of portal hypertension), 
intrapulmonary vasodilatation and hypoxemia 
that worsens with the erect posture [25].

HPS is due to the effect of liver impairment on 
pulmonary vascular endothelium and decreased 
arteriolar resistance leading to the formation of 
pulmonary vascular shunts that allow non-
oxygenated blood to reach the systemic circula-
tion [2]. In patients with HPS at rest, the blood 
that shunts the functioning alveoli represents at 
least 20% of the cardiac output and this percent-
age increases with exercise [19]. In the most 
common type of HPS (Type 1), the shunts are 
found diffusely in the lungs and the patients 
improve their oxygenation with supplemental 
oxygen [2, 26]. HPS Type 2 is not as frequent as 
HPS type 1 and is characterized by the develop-
ment of a discrete arteriovenous malformation 
and is nonresponsive to supplemental oxygen 
administration [2, 26].

Initially, liver transplantation was contraindi-
cated in patients with HPS; however, considering 
the reversibility of this syndrome after transplan-
tation and the lack of effective medical treatment, 
it is now agreed that transplantation constitutes 
the only effective treatment of HPS; thus, HPS 
became an indication for liver transplant [27].

The reported prevalence of HPS was between 
5 and 32% of patients undergoing pretransplant 
assessment, depending on the criteria used for 
arterial hypoxemia [26]. The finding of the pul-
monary shunts was more frequent than hypox-
emia; in a study, Abrams et al. detected pulmonary 
shunts in 38.0% of cirrhotic patients and gas 
abnormalities only in 17.5% of them [28].

The diagnosis of hypoxemia is based on 
decreased arterial oxygen partial pressure or 
increased alveolo-arterial oxygen gradient in 
patients at rest in sitting position [26]. The use of 
the alveolo-arterial gradient allows earlier detec-
tion of hypoxemia than the arterial partial pres-
sure of oxygen, as it compensates for hypocarbia 
and hyperventilation, often encountered in cir-
rhotic patients [26]. An alveolo-arterial oxygen 
gradient higher than 15 mmHg (or 20 mmHg if 
older than 64 years) while breathing room air in 
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sitting position is a positive finding for the diag-
nosis of HPS [2, 26]. The alveolo- arterial oxy-
gen gradient is increased in all cases of HPS, but 
the partial pressure of oxygen  (PaO2) in arterial 
blood ranges from low values (less than 
50 mmHg) to only mild decreased values (higher 
than 80 mmHg).

Based on the decrease in oxygen partial pres-
sure, HPS was classified into four categories: 
mild (with PaO2 ≥  80  mmHg), moderate (with 
PaO2 between 60 and 80  mmHg), severe (with 
PaO2 between 50 and 60 mmHg) and very severe 
(PaO2 less than 50 mmHg) [25] (Table 50.1).

Intrapulmonary vasodilatation is revealed by 
positive findings on contrast-enhanced echocar-
diography or macro aggregated albumin lung per-
fusion scan (99mTc-MAA). Using agitated saline 
(in order to produce micro bubbles) infused into a 
peripheral vein, the appearance of micro bubbles 
in the pulmonary veins and then in the left atrium 
within three to six cardiac cycles after right-atrial 
opacification was demonstrated in HPS patients 
[25]. This test indicates the presence of pulmo-
nary shunts, as micro bubbles cannot pass through 
normal pulmonary capillaries. The intracardiac 
shunt is suspected if the micro bubbles appear ear-
lier in the left atrium (within less than 3 cardiac 
cycles) and in this case, trans esophageal echocar-
diography is recommended [25].

The pathophysiology of HPS is not com-
pletely understood, but it seems that mediators 
such as nitric oxide (NO) and carbon monoxide 
(CO) are involved in pulmonary shunt formation 
[25, 26, 29]. Another possible mechanism is the 
release of endothelial growth factor and other 
similar molecules associated with angiogenesis 
[26, 29]. The increase in the alveolo-arterial gra-
dient and hypoxemia in HPS patients are caused 
by three main mechanisms. The first is ventilation-
perfusion mismatch due to the dilatation of blood 
vessels perfusing the normally ventilated alveoli; 

this mechanism is present even in mild cases of 
HPS [26, 29]. The other two mechanisms are 
described in moderate or severe cases of HPS and 
are represented by the development of intrapul-
monary shunts and the reduction in the lung’s dif-
fusing capacity for CO (DLCO) [26, 29].

The main clinical manifestation of HPS is 
dyspnea both at rest and on exertion, but this is 
quite unspecific, as the causes of dyspnea in a 
patient with chronic liver disease are multiple 
[26]. A pathognomonic finding in HPS is platyp-
noea, meaning the worsening of dyspnea when 
the patients moves from the supine to standing 
position [25]. This is associated with the objec-
tive finding of a decrease in PaO2 of at least 5% 
or 4 mmHg with patient movement from supine 
to standing (orthodeoxia) [25]. This phenomenon 
is explained by the increased perfusion in the 
bases of the lungs in the erect position and by the 
reduced capacity of pulmonary blood vessels to 
perform vasoconstriction in response to a change 
in body position in cirrhotic patients with HPS 
[29].

The European Respiratory Society Task Force 
published in 2004 the screening tests for HPS 
recommended in liver transplant candidates and 
in patients with chronic liver dysfunction and 
dyspnea [25]. In recent studies, pulse oximetry is 
recommended as a first screening tool before the 
evaluation of arterial blood gas analysis, being 
the preferred method for starting the screening, 
especially in children [29, 30]. Patients free of 
respiratory symptoms and with peripheral oxy-
gen saturation (SpO2) of at least 96% will undergo 
monitoring at 12  months interval using pulse 
oximetry [29]. For symptomatic patients or if the 
peripheral oxygen saturation is less than 96%, 
arterial blood gas analysis is recommended as the 
next step [29]. However, SpO2 can overestimate 
arterial oxygenation in cirrhotic patients, thus the 
use of pulse oximetry as a screening tool can 
miss the diagnosis in mild cases of HPS [30, 31]. 
If the alveolo-arterial gradient is increased with 
or without coexisting hypoxemia, contrast 
enhanced echocardiography and a set of pulmo-
nary tests are performed [25, 29]. A negative 
result of the contrast enhanced echocardiography 
rules out HPS and the focus should turn to other 

Table 50.1  Staging of HPS

PaO2 (mmHg)

Mild >80

Moderate 60–80

Severe 50–60

Very severe <50
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respiratory tests in order to investigate another 
pulmonary disease [25, 29]. In patients with mild 
or moderate HPS (PaO2 ≥ 60 mmHg), periodic 
follow-up is recommended at 6 months interval 
[25, 29]. Patients with severe HPS should be 
included on the transplant waiting risk as high-
priority; in patients with very severe HPS, liver 
transplantation is considered on an individual 
basis after a careful assessment of the benefit-risk 
ratio [25, 29].

50.3.2	 �Intraoperative Management 
and Post-transplant Evolution

The mortality of HPS patients without liver trans-
plant is reported to be higher compared to patients 
with HPS undergoing transplantation [32]. A 
study by Swanson et  al. estimated a survival at 
5 years of only 23% in HPS patients without liver 
transplant compared to 76% in HPS patients with 
liver transplant [32]. Reported survival at 
10  years after liver transplantation in HPS 
patients was 64% [33]. The mortality in HPS 
patients is not associated with the severity of the 
liver disease as assessed by MELD score [33]. 
For this reason, a MELD exception rule was rec-
ommended since January 2002  in order to 
increase graft allocation and to improve survival 
in patients with very severe HPS and no contrain-
dication for liver transplant [29, 34]. In a large 
cohort of HPS patients followed for a 25 years 
period, Yver et al. reported improved survival of 
HPS in the MELD exception era (since January 
2002) compared to patients transplanted before 
2002 [33]. In their study, 30-day mortality in 
HPS patients after liver transplantation was 11% 
and no intraoperative deaths were reported [33]. 
In a recent study, Goldberg et  al. analyzed the 
outcomes of a large number of HPS patients fol-
lowed over 10 years (from 2002 to 2012), con-
cluding that HPS patients with MELD 
exception- graft allocation had lower overall 
mortality compared with other patients awaiting 
liver transplantation [35]. Due to these findings, 
the MELD exception rule policy is now debated 
and new recommendations might appear in the 
near future [29].

In patients with HPS oxygenation improves 
within 12  months after liver transplantation; 
however, perioperative mortality is increased and 
hypoxemia is often described in the immediate 
post-transplant period [32]. This risk is increased 
especially in patients with pre-transplant PaO2 
less than 50 mmHg [32]. Hypoxemic respiratory 
failure in the immediate post-transplant period 
was described by Gupta et al. in 23.8% of patients 
with HPS undergoing liver transplantation; in 
their small series of 30 patients, 6  months sur-
vival was 100% [36].

Severe post-transplant hypoxemia is a major 
complication in HPS patients and is defined as 
hypoxemia requiring the administration of 100% 
inspiratory oxygen to maintain a saturation of at 
least 85% [37]. In HPS patients, severe hypox-
emia was described in 6–21% of patients after 
liver transplant and is associated with a mortality 
rate of 45%, accounting for the majority of post-
operative deaths in this patient population [38]. 
This complication usually occurs in the first 24 h 
after transplant and the proposed mechanism is 
vasoconstriction of the pulmonary vessels and 
redistribution of blood flow as an effect of differ-
ent mediators released from the graft [37, 38]. 
Dilated pulmonary vessels constrict less than nor-
mal non dilated vessels, leading to an increased 
blood flow through the pulmonary shunts [38]. 
The treatment is applied with the purpose of 
reducing blood flow through the pulmonary 
shunts to correct hypoxemia; the goal is to allow 
time for the post-transplant reversal of HPS to 
take place [38]. Treatment options include: 
Trendelenburg positioning, inhaled epoprostenol 
or nitric oxide or intravenous methylene blue 
[38]. The last line of therapies includes emboliza-
tion of abnormal pulmonary vessels or extracor-
poreal life support (ECLS) [37–39]. The treatment 
should be individualized in each patient, as the 
responses to therapy are different [38].

Severe hypoxemia can occur immediately 
after induction of anesthesia in HPS patients and 
in this case the use of the therapies mentioned 
above should be considered intra-operatively for 
maintaining oxygenation during the liver trans-
plant procedure [38]. The use of advanced hemo-
dynamic monitoring and fluid restriction are also 
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recommended [38]. However, data from litera-
ture show that hypoxemia most often occurs in 
the first three postoperative days after liver trans-
plant in HPS patients [37].

In the context of severe post-transplant hypox-
emia, the graft function could be impaired and 
the reversal of HPS manifestations delayed [38]. 
The function of marginal grafts exposed to 
hypoxemia is worsened and for this reason the 
use of marginal grafts should be considered care-
fully in HPS patients at risk for severe post-
transplant hypoxemia [38].

The reversibility of HPS is rapid, with a 95.8% 
reversal after 6  months (in mild or moderate 
cases) and complete reversal 1 year after trans-
plantation [29]. Hypoxemia is reversed more rap-
idly than intrapulmonary shunts, as it was 
demonstrated by means of contrast echocardiog-
raphy follow-up after liver transplant [29, 36]. 
CO diffusion capacity improved after liver trans-
plant, but not in all patients [40].

Ideally, patients at risk for developing severe 
hypoxemic failure after liver transplantation 
should be identified preoperatively in order to 
make the arrangements for providing the special 
care required. HPS patients usually require pro-
longed mechanical ventilation and extended ICU 
stay post-transplant [41].

50.4	 �Porto-Pulmonary 
Hypertension

Pulmonary hypertension (PAH) is defined by high 
blood pressure in the pulmonary arteries as a conse-
quence of vasoconstriction and thickening of the 
blood vessel’s wall; the right heart will work under 
stress resulting in the end in right heart failure. 
Cirrhotic patients will be at higher risk of right heart 
failure due to PAH as we deal with decreased RV 
contractility in cirrhotic cardiomyopathy or dilata-
tion of the RV secondary to volume overload [42].

POPH is defined as the association of PAH 
with portal hypertension. It is a rare condition but 
a life threatening one. The incidence of POPH in 
cirrhotic patients waiting for LT is 5.3–6.3% and 
is associated with female sex and autoimmune 
liver disease [43].

There is no linear correlation between PAH 
and the severity of the liver disease or between 
PAH and the severity of portal hypertension [44].

The pathophysiology of this syndrome is not 
yet very well understood but the pathological 
findings are similar to those of PAH of any ori-
gin. At first there is endothelial dysfunction with 
vasoconstriction of the pulmonary vessels revers-
ible under medication, and then histopathological 
changes will progress leading to the narrowing of 
the vascular lumen, superimposed microthrom-
bosis will narrow the vessel even more or even 
occlude it [42].

Diagnostic criteria are: mean arterial pulmo-
nary pressure (mPAP) greater than 25 mmHg at 
rest and pulmonary vascular resistance (PVR) 
greater than 240  dyn  s  cm−5 with a pulmonary 
capillary wedge pressure (PCWP) less than 
15 mmHg (Table 50.2). The transpulmonary gra-
dient >12 mmHg (difference between the mPAP 
and the pulmonary arteriolar occlusion pressure) 
reflects obstruction to flow and differentiates the 
contribution of volume and resistance to the 
increase in mPAP [2].

In cirrhotic patients as a result of their hyper-
dynamic circulation and volume overload the 
mPAP can be elevated but with no increase in 
PVR which is inconsistent with the diagnosis of 
POPH [45, 46].

POPH is associated with 1 year poor survival 
without treatment and patients might die of right 
ventricular failure [46].

50.4.1	 �Pretransplant Assessment

All candidates for LT will undergo evaluation for 
POPH. Early clinical symptoms include dyspnea, 
palpitations, chest pain and signs of RV dysfunc-

Table 50.2  Diagnosis and staging of POPH

mPAP (mmHg) PVR (dyne s cm−5)

Diagnosis >25 >240

Severity

Mild 25–34 240–500

Moderate 35–44 500–800

Severe >45 >800
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tion as peripheral edema or jugular vein disten-
sion. All the signs however are non-specific. The 
chest x ray may show cardiomegaly and enlarged 
pulmonary arteries and possibly right bundle 
branch block or first degree atrio-ventricular block 
on the ECG, signs of right heart strain [42, 45]. RV 
insufficiency might determine elevation of BNP 
(B-type natriuretic peptide) and NT proBNP (N 
terminal proBNP).

The screening will start with a non-invasive 
method: transthoracic Doppler echocardiography 
(TTE) [47]. It does require the presence of a tri-
cuspid regurgitant jet to evaluate the systolic pul-
monary artery pressure (sPAP). The right 
ventricular systolic pressure (RVSP) is estimated 
to be equivalent to sPAP if no pulmonic stenosis 
or RV ventricular outflow tract obstruction [45]. 
A TTE showing normal values for sPAP rule out 
the POPH [44].

This method has a 97% sensitivity and 77% 
specificity for the diagnostic of moderate and 
severe POPH.  If the value of RVSP exceeds 
50 mmHg the next step will be right heart catheter-
ization to measure pulmonary hemodynamics [42].

Right heart catheterization (RHC) is the gold 
standard for POPH diagnosis [1]. Indications for 
RHC are: RVSP greater than 50 mmHg, the pres-
ence of right atrial enlargement, the presence of 
RV enlargement or reduced systolic function of 
the RV.  Some transplant centers consider RCH 
for RSVP greater than 40 mmHg. During RHC 
and direct measurement of pressures an acute 
vasodilator challenge with nitric oxide or intrave-
nous epoprostenol; a positive answer will help 
staging severity [45].

While on the waiting list patients should be 
reevaluated for evolution of POPH at 6 or some 
authors suggest even 12  months; the optimal 
interval isn’t yet clear [46].

In evaluating POPH it is very import not only 
to measure the pressures in the pulmonary arter-
ies but also to evaluate the RV function. The suc-
cess of the LT will depend on the capacity of the 
RV to deal with blood volume shifts and increases 
in PVR during surgery.

Most centers worldwide consider severe 
POPH as an absolute contraindication to LT; 
some consider even moderate POPH as a contra-

indication especially if it won’t respond to medi-
cal treatment and have an impaired RV function.

Medical treatment might improve POPH as to 
make LT possible. Medication choices are: pros-
tacyclin analogs (intravenous epoprostenol, 
intravenous or subcutaneous treprostinil, inhaled 
iloprost), phosphodiesterase 5 inhibitors (oral 
sildenafil) or endothelin receptor antagonists 
(oral bosentan) [46].

The success of the LT will not depend solely 
on the mPAP value but also on the quality of the 
RV function. A compromised RV will lead to 
liver congestion and poor graft function [42].

Patients presenting with mild or moderate form 
of POPH don’t have an absolute contraindication 
to liver transplant but they still have an elevated 
perioperative mortality as high as 33–35% [48].

50.4.2	 �Intraoperative Issues

Each of the three stages of liver transplant sur-
gery has its own hemodynamic challenges: dur-
ing the pre-anhepatic phase the main risk is 
significant blood loss and reduction in the pre-
load, in the anhepatic phase due to cross clamp-
ing there is a reduction of cardiac output than can 
reach 50% and the neohepatic phase will start 
with reperfusion of the new graft with hemody-
namic instability as a result of hyperkalemia, and 
a variety of inflammatory and vasodilatatory 
mediators.

Hemodynamic monitoring needs to be inva-
sive. As a special consideration to patients with 
POPH the use of pulmonary artery catheter 
(PAC) is mandatory. PAC is the only monitoring 
method that measures directly the pulmonary 
arterial pressures. If mPAP measured by PAC in 
the operating room is greater than 50  mmHg 
before incision, cancelation of the procedure is 
recommended [46]. In some centers [44] a RHC 
is performed on the anesthesia setting before the 
patient enters the operating room for transplant 
procedure and according to the pressure values 
the team decides whether or not to proceed to LT.

Specific therapy targeting pulmonary artery 
pressure is recommended during the whole trans-
plant intervention [46].
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To continuously evaluate RV function during 
surgery transesophageal echocardiography 
(TEE) is of use. TEE assesses in real time the 
preload of both left and right side of the heart 
and at the same time allows for detection of 
myocardial ischemia expressed by wall motion 
abnormalities. When the intravascular volume 
increases due to fluid overload the RV dilates 
resulting in no significant change in central 
venous pressure but the extra intravascular fluid 
determines liver congestion and might impair 
graft function [48].

During reperfusion of the liver there will be 
a sudden increase in intravascular volume as 
well as a release of cold fluid, cytokines and 
products of anaerobic metabolism that may 
worsen POPH syndrome by an acute rise in 
pulmonary artery pressure. The vasoconstric-
tion of the pulmonary vessels will precipitate 
acute RV failure and determine liver conges-
tion and delayed graft function or even graft 
failure [49]. A large number of interventions 
have been described: use of nitric oxide, intra-
venous prostacycline, milrinone to treat RV 
failure, ECMO [46].

Worse cases of cirrhosis with severe POPH 
may benefit from combined liver and lung trans-
plantation [48, 50].

50.4.3	 �Post-transplant Evolution

POPH may improve, stabilize or even worsen 
after LT [43]. The evolution is highly impre-
dictible [44]. Mortality remains pretty high: if 
preoperatively mPAP  >  50  mmHg mortality is 
almost 100% making those patients unfit for 
LT. In case of values of mPAP of 35–50 mmHg 
mortality risk is as high as 50% [48]. With mild 
POPH survival of the patients is the same as of all 
other LT recipients.

If treated before with vasodilators transplant 
patients evolution is better. Pulmonary hyperten-
sion medication should be maintained posttrans-
plant and POPH monitored with transthoracic 
Doppler echocardiography.

De novo development of POPH post LT has 
also been reported [46].

�Conclusion

In summary the RV plays a key role in the 
ESLD patient and during liver transplant. 
His dysfunction must be recognized, quanti-
fied and monitored for a better understand-
ing of the patients evolution while on the 
waiting list or during the transplantation 
procedure, a stressful hemodynamic period. 
He might be affected by the hyperdynamic 
syndrome of the cirrothic patient, the fluid 
overload, the cirrhotic cardiomyopathy or by 
the strain imposed by elevated pulmonary 
pressures in the portopulmonary syndrome. 
The postoperative evolution of those patients 
will also depend on a better understanding of 
RV behavior.
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Abstract
Notably, pulmonary resection is used in much 
pathology and more frequently during last years, 
especially due to the increased incidence of the 
cases diagnosed with lung cancer. Pulmonary 
resection surgery varies from the detachment of a 
lung region (atypical resections, segmentectomy, 

lobectomy or bilobectomy) to complete unilat-
eral pulmonary removing (pneumonectomy). 
Left pneumonectomy is usually better tolerated 
than right pneumonectomy and some authors 
further said that “the right pneumonectomy was 
a disease itself”. Only that, this procedure has a 
proven impact on the heart function, particularly 
on the right ventricle performance. There is no 
doubt that pneumonectomy has consequences 
on the cardiac performance expressed by preload 
and afterload changes, as well as contractility 
adjustment by progressive dilatation of the right 
ventricle. Repercussions on the right ventricle 
function are the increase or reduction in volume 
or flow. Evaluation techniques are multiple but 
currently the mechanism of adaptation of the right 
ventricle to the conditions of pneumonectomy it 
is not precisely acknowledged. Deterioration of 
the right ventricle function begins after 6 months 
and is progressive to heart failure. Lobectomy 
and segmentectomy have fewer changes in the 
right ventricle performance due to the higher 
functional lung parenchyma remainder.
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51.1	 �Introduction

Historically, the first successful pneumonectomy 
was carried out by Graham and Singer at Barnes 
Hospital in St. Loius in 1933 [1, 2]. Later, lung resec-
tions such as lobectomies and segmentectomies 
were stated in the 1940s and 1950s followed by the 
first successful sleeve lobectomy for carcinoma in 
1952 [3, 4]. Finally, the progress of surgical sutures 
and staplers in parallel with the development of 
specialised thoracic units and thoracic anaesthesia 
made lung resection be secure, more rapidly with 
a reduced amount of trauma, whereas surgical 
oncological rules are applied. Presently, surgeons 
apply broaden cancer resections to the chest wall 
and great vessels [5]. Nonetheless, improvements of 
new minimally invasive techniques permit surgeons 
to carry on lung resections even on patients with 
important cardiopulmonary comorbidities, patients 
with deficient pulmonary function or elderly 
patients [6].

Pulmonary resection surgery varies from the 
detachment of a lung region (atypical resections, 
segmentectomy, lobectomy or bilobectomy) to  
complete unilateral pulmonary removing (pneu
monectomy). Only that, this procedure has a 
proven impact on the heart function, particularly 
on the right ventricle (RV) performance [7–10].

Notably, pulmonary resection is used in num
erous pulmonary pathologies and quite often 
during last years, especially due to the increase of 
the incidence of diagnosed patients with lung 
cancer. It has to be underlined, that in case of 
patients with cancer, pneumonectomy is performed 
within oncological indications and it represents 
the best known method of treatment acknowledged 
until today for this serious illness.

Undoubtedly, as mentioned previously, the 
most frequent indications for lung resection is 
non-small cell lung cancer (NSCLC) [2]. Defini-
tively, lung surgery is a vital stage in the complex 
therapy of patients with progressive lung cancer 
(stage III and IV) [6]. Other causes for pneumo-
nectomy include pulmonary metastatic disease, 
pulmonary emphysema, inflammatory and infec-
tious lung disease, secondary to thoracic trauma 
or because of congenital abnormalities of the lung 
(Table 51.1) [2, 11].

Also, congenital disorders that need pneumo
nectomy in childhood comprise complicated 
cystic adenomatoid malformation of one lung, 
complicated hypoplastic lung, and chronic eso
phagobronchial communication with recurrent 
infections [12].

To sum up, pneumonectomies are the most 
frequent recommended surgery in lung cancer, 
however in case of benign lesions (Table  51.1) 
pneumonectomies are used only when there is no 
another alternative of treatment.

51.2	 �Perioperative 
and Postoperative  
Risk Stratification 
in Pneumonectomies

Pneumonectomy is associated with higher risk of 
postoperative morbidity and mortality, however 
after surgery there is a good long-lasting survival 
and good quality of life [2].

Risk stratification for death in thoracic surgery 
was rather simple until recently [13]. Within the 
period 2002–2007, the National Lung Cancer 
Audit (UK) reported 30-day mortality for pneumo
nectomy of 5.8% in comparison with the Society 

Table 51.1  Indications of pneumonectomies for benign 
disease

Indications N = 321 Percent
Infection/abscess 114 37.1
Tuberculosis 47 15.3
Bronchiectasis 41 13.3
Aspergillus 33 10.7
Haemorrhage 26 8.5
Benign tumour 20 6.5
Rare indications: less than 2%
Trauma 6 1.9
Congenital malformation 5 1.6
Emphysema 5 1.6
Radiation-induced lung damage 4 1.3
Marginal indications: less than 1%
Candidosis 2 0.6
Silicosis/asbestosis 2 0.6
Sarcoidosis 1 0.3
Mucoviscidosis 1 0.3
Missing data 14 4.4

From Rivera et al. [11] with permission
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of Thoracic Surgeons (STS) database that had the 
in-hospital mortality for pneumonectomy of 5.6% 
[14]. On the other side, the European Society of 
Thoracic surgeons (ESTS) risk model presented 
3426 patients with 66 deaths and the Veterans 
Affairs risk model had 3516 patients with 184 
deaths [15, 16]. Later, the French Society of 
Thoracic and Cardiovascular Surgery and the 
Society of Thoracic Surgeons (STS) formed based 
on databases with more than 15,000 patients each, 
“risk-adjustment models” to recognize predictors 
of mortality and most important complications 
caused by lung resections [17, 18]. These “risk-
adjustment models” may help in clinical evaluation 
and to assess “risk-adjusted outcomes for quality 
improvement purposes” [6].

51.2.1	 �Perioperative Risk 
Stratification

Preoperative physiologic evaluation should comp
rise a cardiovascular examination, and spirometry 
tests to assess FEV1 and the diffusing capacity of 
carbon monoxide (DLCO) [19]. Firstly, respira-
tory evaluation by spirometry indexes as forced 
expired volume (FEV1) and diffusing lung car-
bon monoxide capacity (DLCO) should be deter-
mined. Evaluation of lung function is significant 
to analyse and approximate the risk of in-hospital 
mortality (i.e. respiratory failure). Nonetheless, it 
is important to appreciate the influence of lung 
resection on quality of life (i.e. long-term dys-
pnoea, permanent oxygen therapy). In case of 
FEV1 and DLCO are >60% from predicted value, 
there is a low risk for complications and lung or 
pulmonary resection can be done. If FEV1 and 
DLCO are <60% of predicted value, a quantita-
tive lung scan is compulsory [20]. As already 
acknowledged as universal rule, it is established 
that a FEV1 of 40% of the predicted value was the 
cut-off for doing lung resection [21].

The risk of perioperative complications  
and death can be stratified by V′O2max. If 
the exercise testing shows maximal oxygen 
uptake (V′O2max) of >15  mL/kg, pulmonary 
surgery can be carry out, however if V′O2max 
is <15  mL/kg, the surgery is forbidden [20]. 

Patients with a V′O2max > 20 mL kg−1 min−1 
are not at increased risk of complications or 
death; V′O2max < 15 mL kg−1 min−1 indicates an 
increased risk of perioperative complications and 
V′O2max  <  10  mL  kg−1  min−1 indicates a very 
high risk of perioperative complications and death 
[22]. Typically, patients who cannot go up a “flight 
of stairs” have a V′O2max of 10 mL kg−1 min−1. 
“Desaturation during exercise has been associated  
with an increased risk of perioperative complica
tions” [22]. Clearly, all these tests has to be under-
stood cautiously and the thoracic surgeon must do 
not overlook other anatomical factors like the weight 
and size of patients, the existence of a shunt and of 
correctable emphysema [6]. According to previ-
ously observations, patients with very poor lung 
function can endure lung resection associated with 
lung volume reduction. It is an exceptionally situa-
tion in patients with severe heterogeneous emphy-
sema, especially when emphysema is restricted to 
the lobe enclosing the cancer [22]. In this case, it is 
rational to apply the criteria to choose patients for 
lung volume reduction surgery, with a lower limit of 
preoperative FEV1 or DLCO >20% predicted [13].

It seems that myocardial infarction is a most 
important cause of mortality after non-cardiac 
surgery and lung resection should be forbidden 
within 30  days of myocardial infarction [13]. In 
case of patients with stable angina, surgical 
revascularisation or coronary stenting would be 
discussed with a cardiologist preceding thoracic 
surgery [13]. Patients with good cardiac function 
and less than two risk factors can undergo surgery 
with no additional investigations. Cardiologic exam 
is compulsory in patients with over three risk factors 
or poor cardiac function [13]. Obviously, the phar-
macological therapy in ischaemic heart disease 
before lung surgery should be optimised with anti-
ischaemic treatment including aspirin, statins and 
β-blockers in the perioperative period [13].

To sum up, if both % ppo-FEV1 and %ppo-
DLCO values are ≧60%, the patient has a low 
risk for anatomic lung resection. If both parame-
ters are <60% of the predicted value, screening 
will continue with an exercise test. Also, if the 
execution of the exercise test is adequate, the 
patient is considered to have a low risk for ana-
tomic lung resection [19].
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51.2.2	 �Postoperative Risk 
Stratification

Quantitative ventilation and perfusion scintigra-
phy, quantitative CT scanning and dynamic per-
fusion MRI must be used to predict postoperative 
lung function [6]. Beckles et  al. [22] suggests 
a various cardiopulmonary exercise tests to be 
applied routinely by thoracic surgeons to make 
easier the calculation of the risk of postoperative 
dyspnoea [22]. These comprise “stair climbing 
(usually two flights of stairs), 6 and 12 min walk 
tests, shuttle walk test and formal cardiopulmo-
nary exercise testing with measurement of maxi-
mal oxygen uptake (V′O2max)” [22]. Moreover, 
significant basic science work sustains the role of 
transfer factor as predictor of postoperative mor-
bidity despite normal spirometry [23]. Therefore, 
a postoperative FEV1 or DLCO <40% suggests 
even an amplified risk of perioperative compli-
cations, including death, following lung cancer 
resection [22].

In case of patients with pulmonary resection 
with prophylactic diaphragm plication, the pre-
dicted postoperative lung function is related directly 
with the postoperative determined FEV1, FVC and 
gas transfer factor [24]. If it is of note, if transection 
of the phrenic nerve happens during lung resection 
and it is documented during surgery, prophylactic 
diaphragm plication is recommended [24].

On the whole, the postoperative pulmonary 
function depends on the size of parenchymal 
resection, location of resection, thoracotomy 
procedure, the severity of pulmonary emphy-
sema and/or the postoperative progression of 
pulmonary fibrosis. Intriguingly, the postopera-
tive pulmonary function carries on getting bet-
ter during the first postoperative year the same 
as if the remaining parenchyma grows, however 
the mechanisms of this adaptable reaction is not 
established [25].

Postoperative lung function is estimated by 
the method of segment counting [21]. Lang-
Lazdunski [6] made a very simple summary of 
“the method of segment counting”. The total 
number of segments is 19 (9 left, 10 right). The 
number of segments obstructed (O) is measured 
by imaging (chest CT) and subtracted from 19 to 

obtain the number of functioning segments (T): 
T = 19-O. The residual number of segments (R) 
is estimated as: R = T—functioning segments to 
be resected. Typically, the number of segments 
per lobe is: right upper lobe n = 3, middle lobe 
n = 2, right lower lobe n = 5, left upper lobe n = 5, 
left lower lobe n = 4. The predicted postoperative 
(ppo) lung function is estimated by:

	
ppo preoperative value T R= ( ) ⋅/

	
Predicted postoperative (ppo) lung functions 

should be determined.
Postoperative respiratory complications are the 

most common, and preoperative respiratory disor-
ders increase their frequency [26]. Established 
post-pneumonectomy complications comprise 
post pneumonectomy syndrome, bronchopleural 
fistula formation, cardiac herniation and recurrent 
pneumothorax [5]. Another important acknowl-
edged postoperative complication after lung resec-
tion is acute respiratory distress syndrome (ARDS) 
[27]. It is defined by the acute beginning of hypox-
emia with radiographic infiltrates consistent with 
pulmonary edema, but with no increases of the 
pulmonary capillary wedge pressure (PCWP) [27]. 
It is noteworthy that numerous studies showed that 
2–5% of patients with lung resection could acquire 
ARDS with different degrees, and the mortality 
from ARDS following pulmonary resection is still 
elevated [27]. Importantly, ARDS following thora-
cotomy and lung resection has a poor prognosis 
with in-hospital mortality rates over 25% [27]. 
Presently, there is no acceptable predictor of post-
operative cardiopulmonary complications, there
fore postoperative morbidity and mortality are 
unchanged from a decade [26]. Only that, this pro-
cedure has a proven impact on the heart function, 
particularly on the RV performance [7–10].

51.3	 �The Technique 
of Pneumonectomy

The technique of pneumonectomy has known many 
evolutionary stages and unsuccessful attempts, until 
the current version that is today unanimously 
acknowledged and performed. The progress of the 
thoracic surgeon pioneers being helped by the 
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simultaneous progress of other specialities such as 
anesthesiology, cardiology, pneumonology, X-ray, 
including the development of antibiotherapy and 
blood transfusion techniques. Pulmonary resection 
surgery varies from the detachment of a lung region 
(atypical resections, segmentectomy, lobectomy or 
bilobectomy) to complete unilateral pulmonary 
removing (pneumonectomy). Surgical approach is 
usually thoracotomy, sternotomy and VATS.

Nonetheless, improvements of new minimally 
invasive techniques permit surgeons to carry out 
lung resections even on patients with important car-
diopulmonary comorbidities, patients with deficient 
pulmonary function or elderly patients [6].

Pneumonectomy is the resection of a whole 
lung. It is usually applied to patients with central 
tumours, involvement of a mainstem bronchus, left 
or right pulmonary artery, and both superior and 
inferior pulmonary vein [6]. Pneumonectomy 
represented almost ~30% of lung resections for 
cancer in thoracic units until the 1990s [6]. 
Mortality, morbidity and complications of pneumo
nectomies are well acknowledged. Left pneumo
nectomy is usually better tolerated than right 
pneumonectomy and some authors went on to say 
that “the right pneumonectomy was a disease in 
itself” (J. Deslauriers) [6]. The mortality related 
with pneumonectomy continues to be important 
(5–10%) and the right pneumonectomy carries a 
higher risk of death or complications than the left 
pneumonectomy, mostly accredited to broncho
pleural fistula [14, 18, 28].

In all pneumonectomies, first of all it is  
performed the pulmonary hill dissection with 
the identification of the pulmonary artery and of 
the two ipsilateral pulmonary veins (upper  
and lower) in order to assess their entirety 
(Fig. 51.1).

Depending on the disease and its severity, stan-
dard pneumonectomy is performed by the extra
pericardial approach of the pulmonary vessels; 
pneumonectomy with the intrapericardial approach 
of the pulmonary vessels; extended pneumonecto-
mies (with chest wall, vertebral bodies, diaphragm 
or pericardium resection); extensive pneumonecto-
mies with cardiac wall resection (left atrium); 
extensive pneumonectomies with resection and 
reconstruction of superior vena cava; pneumonecto-
mies with carina resection and tracheo-broncho-
anastomosis; and pleuro-pneumonectomies. 
Nonetheless, in lung cancer, these types of pneu-
monectomies are also associated with mediasti-
nal lymphadenectomy. It has to be underlined, 
that the increase of chemotherapy or chemora-
diotherapy treatments, diminished pneumonec-
tomy rates with important lower staging of large 
hilar tumours [29]. As a result, pneumonectomy 
rates are only 0–15% of lung resections for pri-
mary lung cancer in the most part of specialised 
thoracic units [6].

Sleeve resections are still a substitute to pneu-
monectomy as they result in lesser perioperative 
mortality and improved mid-term survival with 
outstanding long-term outcomes (Fig.  51.2) 

Fig. 51.1  Intraoperative 
left pneumonectomy 
appearance
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[29–32]. Sleeve resections can simply implicate 
the bronchial tree or the ipsilateral pulmonary 
artery as well (“double sleeve or bronchovascular 
resection”) [31, 33].

Sublobar resection is an old choice to lobec
tomy in the treatment of early-stage lung cancer 
in patients with preoperative poor pulmonary 
function. Presently, the data studies propose 

a b

c
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d

Fig. 51.2  The upper right pleural cavity was occupied by a 
large squamous carcinoma, and the right hilum had also been 
invaded (a). After neoadjuvant chemotherapy, the tumor 
shrank significantly (b). Although the induction therapy 
created fibrosis in the hilum (c), the truncus anterior was 
exposed and isolated successfully (d). Finally, the patient 
underwent right upper lobe sleeve resection without 

angioplasty (e). From Lv et al. [30]. This article is published 
under license to BioMed Central Ltd. This is an Open Access 
article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/
by/2.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is 
properly cited

C. Nistor et al.
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sublobar resection must be considered in the 
treatment of lung cancer [34].

Lobectomy is defined as the surgical removal 
of a pulmonary lobe (upper, middle or lower) and 
represents the gold standard for most patients 
with an operable lung cancer. It represents ~60–
70% of lung resections in most specific thoracic 
units [6]. The associated mortality is 2–3% in 
most part of thoracic units [16, 35]. Currently, 
large studies of robotic lobectomy for early-stage 
lung cancer have been published with excellent 
long-lasting oncological outcomes [36, 37]. It 

seems that robotic lobectomy has very decreased 
perioperative mortality, complication rates com-
parable to VATS lobectomy [36, 37]. Importantly, 
the mean surgery room period for a robotic 
lobectomy is still 4 h [36, 37]. Even if the cost 
of robotic lobectomy is higher than the cost of 
VATS lobectomy, however it is less than the cost 
of open lobectomy [38].

Bilobectomy is an alternative of lobectomy 
and applied only for right lung cancers (right 
upper and middle lobectomy, or right middle 
and lower lobectomy) (Fig.  51.3) [6, 30]. It is 
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Fig. 51.3  To resect this centrally located tumor is also chal-
lenging (a), but two cycles of gemcitabine combined with 
cisplatin made it possible to preserve lung tissue and avoid 
pneumonectomy (b). During the resection, the right main 
pulmonary artery was successfully isolated and controlled 
(c). Finally, the procedure of right middle and lower lobec-
tomy with bronchoplasty was performed (d), and the arterial 

margin was found to be free of tumor (e). From Lv et al. [30]. 
This article is published under license to BioMed Central Ltd. 
This is an Open Access article distributed under the terms 
of the Creative Commons Attribution License (http://creative-
commons.org/licenses/by/2.0), which permits unrestricted 
use, distribution, and reproduction in any medium, pro-
vided the original work is properly cited
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executed when all superior pulmonary veins have 
to be “sacrificed, when tumour or lymphadenopa-
thy involves the bronchus intermedius, when the 
pulmonary artery is infiltrated in the fissure, or 
when the tumour crosses the major or minor fis-
sure” [39]. Obviously, the mortality related with 
bilobectomy is same with to the one after lobec-
tomy, but the morbidity is ≥71% in patients as 
the recent data studies confirmed [21, 23].

51.3.1	 �Segmentectomies

Accordingly, to thoracic surgeons both lungs have 
each 10 pulmonary segments. In case of segmental 
bronchi and vessels they can be separated by liga-
tion and use of staplers [6]. It is of note, the seg-
mental plan is not easy to be located and all more 
can be incomplete in most patients with important 
air leak [6]. Currently, the most part of thoracic 
surgeons will ventilate the lung following division 
of the segmental bronchus in order to locate this 
segment plan and put a stapler to reduce postop-
erative air leaks. A keynote factor is to place the 
stapler a few millimetres beyond the segmental 
plan fissure, continuing to the adjacent segment, 
containing the intersegmental lymphatic drainage 
of the involved segment in the resection (“extended 
segmentectomy”) [6].

Presently, the major segmentectomies applied 
are the apical lower segment (segment 6); the 
lingulectomy (segment 4 and 5, left lung) equivalent 
to a middle lobectomy; the culmenectomy (segment 
1, 2 and 3, left lung); and the basal segmentectomy 
(segments 7–10, right lung, or segments 8–10 left 
lung) [6]. It is important to mention that pulmonary 
segment is an anatomic structure of the lung with  
its own blood supply, bronchus and lymphatic 
drainage. Therefore, segmentectomy has to be 
considered as a suitable procedure in patients with 
small tumours, limited exactly to a segment but 
with lung function that doesn’t allow lobectomy [6].

In case of patients with poor pulmonary func-
tion, thoracoscopic segmentectomy seems to 
diminish the length of hospitalization, diminish 
morbidity and lesser costs in comparison with 

an open anatomic segmentectomy. However, the 
oncological results were similar [40].

Wedge resections are non-anatomic lung 
resections defined by the surgical exclusion of 
the lung tumour with a rest of surgical edge as 
wide as possible to diminish the risk of local 
recurrence. It is well established that wedge 
resection is not a sufficient lung cancer surgery in 
most patients with lung cancer. However it may 
represent an alternative in patients with poor 
pulmonary function and no other choice, or in 
Asian patients with multiple peripheral ground-
glass types of adenocarcinomas <20 mm [13, 41, 
42]. In the absence of data proving the benefit of 
wedge resections, these procedures should be 
avoided as much as possible and the surgeon 
should always try to perform concomitantly a 
systematic lymph node dissection in order to 
obtain an adequate staging.

Extrapleural pneumonectomy (EPP) is used 
from the 1940s for the treatment of extensive 
infections of the lung and pleural space, such as 
tuberculous empyema [43]. Currently, EPP is 
applied to treat locally advanced malignant pleural 
mesothelioma (MPM) [43]. During procedure, it 
is utilized a patch with the important keynote, that 
in the operating room the patient has to be in 
supine position. A tight patch can cause constant 
hypotension with an increase of the filling 
pressures. In case of using a pericardial patch and 
diaphragmatic patch, cardiac or gastric herniation, 
complications can appear, as we discussed below 
(Fig. 51.4) [43].

VATS (video-assisted thoracic surgery) is the 
most recent minimally invasive surgical method 
utilized for both diagnostic and therapeutic lung 
cancer surgery.

It appears that VATS is correlated with decrea
sed postoperative pain, diminished pulmonary 
dysfunction and diminished cytokines and acute-
phase protein making in comparison with open sur-
gery [44]. Furthermore, it diminishes the drainage 
period and in-hospital length after lung resection 
[45, 46]. Also, VATS lobectomy has same long-last-
ing results in comparison with open lobectomy in 
patients with stage I disease [47]. This is in line 
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with two recently systematic reviews of the litera-
ture, that confirmed that VATS lobectomy is cor-
related with the improved survival in 
comparison with thoracotomy and lobectomy 
[46, 47]. Nonetheless, VATS has the potential to 
be applied in older population or in patients with 
poor pulmonary function [48, 49]. Additionally, 
patients who underwent VATS resections had 
lesser postpones in acceptance of adjuvant 
chemotherapy and surprisingly need lesser doses 
of chemotherapy [50]. Briefly, in 2004, Rocco 
described a new mini-invasive method, a unipor-
tal technique based on a single anterior mini-
thoracotomy together with VATs instruments and 
thoracoscope [51]. One year later, Gonzales-
Rivas et al. [52] have applied with exceptional 
results a technique based on a uniportal video-
assisted technique for lobectomy surgery, with 
a mean in-hospital length of 3 days, complica-
tions in 14% of patients and no 30-day mortal-
ity postoperatively [52].

Robotic video-assisted surgery (RVATS) 
has the same efficiency in comparison with 
video-assisted surgery (VATS) in lung resection 
(pneumonectomy, lobectomy, and segment
ectomy) [53].

51.4	 �Physiopathology Outcomes 
Following Pneumonectomy

Lung resection that implies thoracic surgery 
severely modifies “the mechanical and fluid 
dynamic setting of the lung-chest wall coupling”, 
also the water equilibrium in the pleural space and 
in the residual lung [26]. There is no information 
about adaptable lung growth in adults, however in 
children there are data studies of continuous lung 
growth over the first few years of life. Indices like 
a lower residual volume-to-total lung capacity 
(TLC) ratio and higher maximum breathing capac-
ity observed practically in children, suggest 
recruitment of a new alveoli in the residual lung 
[54]. Moreover, Werner et al. [55] demonstrated a 
raise in lung volumes in most part of children who 
underwent pneumonectomy between ages of 
1 week and 30 months, with a follow-up period of 
nearly 12 months [55]. Another study showed that 
on a group of children who underwent pneumo-
nectomy between the ages of 1 day and 5 years had 
a postsurgery TLC of 96% of predicted value for 
two lungs at more than 30 years after surgery, sig-
nifying that the remaining parenchyma balances 
completely [56]. Conversely, young children and 

Pericardial
patch

Diaphragmatic
patchPericardium

Fig. 51.4  Both patches 
should be sutured to the 
cut edge of the 
pericardium medially 
and the chest wall 
anterolaterally and 
posteriorly. If we fail to 
do so will result in 
cardiac or gastric 
herniation. Modified 
from Sugarbaker et al. 
[43] with permission
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adults after pneumonectomy turn up to develop 
overexpansion of the remaining lung instead of 
pulmonary reparation like lung growth [55].

Importantly, pneumonectomy decreases the 
pulmonary vascular system, modifies the location 
of the heart and large vessels, and further alters the 
function of the heart, during years after surgery 
[57]. Additionally, regardless of lung resection, RV 
and LV dysfunction arise with the decrease of 
cardiac output, but lobectomy has a lower effect on 
heart functions [58]. However, an important lung 
resection like pneumonectomy causes in a short 
time the diminishing of ventilatory function and 
has considerable side effects on right ventricular 
(RV) function [59–61].

There are many studies that evaluated the peri-
operative RV performance but currently they did 
not solved its adaptability in the conditions of an 
only one functional lung. On the other hand, other 
studies evaluated in pneumonectomies, the conse-
quences of RV dysfunction on the left ventricle 
(LV) performance [62, 63]. As a result, these stud-
ies suggest that radical pulmonary surgery, for 
example pneumonectomies, affects much more the 
RV performance in comparison with limited lung 
resections—like lobectomies.

Right away after pneumonectomy, the RV 
dilates and RV ejection fraction diminishes [64, 
65]. Okada et al. [65] suggested that after a sig-
nificant lung resection the elevation of RV after-
load secondary to increase of pulmonary artery 
pressure (PAP) and pulmonary vascular resistance 
(PVR) is the most important reason of this RV 
dysfunction [65]. Nonetheless, pneumonectomy 
is interrelated with postoperative increase of the 
pulmonary artery systolic pressure (PASP) and 
RV dilatation, in particular for right pneumonec-
tomy [59]. Also, as mentioned above, preopera-
tive and postoperative comparative studies showed 
the existence of RV dilatation and decreased con-
tractility in varying degrees depending on the pre-
existing pulmonary and cardiac pathology and the 
extent of pulmonary resection. Kowalewski et al. 
[64] studied the RV function after pulmonary 
resection [64]. Same team observed that signifi-
cant RV dilatation subsequent pneumonectomy is 
associated with increased RVEDP, RVESP, and 
diminished RVEF. Almost 50% from patients pre-

sented arrhythmias that further triggered higher 
RVEDV indexes and poorer RVEF. They summa-
rized that these results are specific for postopera-
tive enhances in RV afterload [64].

The greatest impact on morphology and 
function of the right ventricle in pneumonectomies 
are supraventricular arrhythmias, especially atrial 
fibrillation. In fact, supraventricular arrhythmias 
are the most common side effect after pneumo
nectomies (34%) [66].

51.5	 �Echocardiographic 
Evaluation of RV Dysfunction

As we have already stated, the most frequently 
used method in the assessment of RV function 
after pneumonectomies is echocardiography with  
all its variants. Currently, American Society of 
Echocardiography, the European Association of  
Echocardiography and Canadian Society of Echo
cardiography are considered to be the foll
owed guidelines. The most used and accurate 
methods in appreciating the RV function are 
those recommended by the Guidelines for the 
Echocardiographic Assessment of the Right 
Heart in adult such as three-dimensional esti
mation of RV ejection fraction, tricuspid annular 
plane systolic excursion (TAPSE) and Tei index 
or RIMP (right ventricle index of myocardial per-
formance), dP/dt (noninvasive Doppler evaluation 
of right ventricle pressure over time from tricus-
pid regurgitation jet), and speckle tracking echo-
cardiography (STE) [67]. Furthermore, numerous 
studies approached RV performance in pneumo-
nectomies through its hemodynamic parameters 
[64, 68–70] and by ultrasounds, especially through 
speckle tracking echocardiography [71, 72].

In addition to these highly specific methods for 
assessing RV function, there are classical tech
niques that can easily determine anatomical and 
functional parameters of cardiac performance. 
The exploration of RV function in these conditions 
is accomplished by several methods, among 
which multidetector CT (MDCT), catheterization, 
conventional contrast and radionuclide angio
graphy, nuclear perfusion scintigraphy, single 
photon emission computed tomography (SPECT), 
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cardiac CT, MRI, positron emission tomography 
[73]. There are numerous studies showing that the 
above mentioned methods can prove the alteration 
of the RV performance after pneumonectomy, 
lesser in lobectomy, the production mechanism 
not being fully solved.

Recently, Wang et al. [58] studied in patients 
who underwent lung resection the main 
factors of cardiac performance obtained with 
classical methods: the left ventricular diastolic 
diameter, the left ventricular ejection fraction, 
the pulmonary artery pressure, the pulmonary 
artery diameter, the maximal velocity across 
pulmonary valve, the right ventricular diastolic 
diameter and the stroke volume. This study was 
the first performed on a relatively small group of 
patients that evaluated the biventricular myo
cardial strain using speckle tracking echo
cardiography (STE) in patients who underwent 
lung resection. Moreover, the study aimed to 
highlight differences in biventricular perform
ance in patients with pneumonectomy and lobec
tomy, comparing preoperative and postoperative 
parameters as can be seen in the below table 
(Table 51.2) [58].

The results of Wang and colleagues showed 
statistically significant differences (p  <  0.05) 
between the preoperative and postoperative heart 
rate measurements, in particular LVEF and 
pulmonary artery pressure (PAP), that further 
proved that both pneumonectomy and lobectomy 
have a negative effect on the cardiac performance 
of LV and RV (PAP). Furthermore, pulmonary 
resections can cause important upsurge in PAP 
(p < 0.05), this being explained by the removal 
from circulation of a larger volume of the vascu-
lar area in pneumonectomy [58].

In same study, Wang et al. [58] measured in 
the protocol of STE (Fig. 51.5) the circumferential 
strain (CS), longitudinal strain (LS), radial strain 
(RS), global CS (GCS) and global LS (GLS) in 
the RV and LV with intra and interobserver 
analysis [58].

The results also demonstrated the decline of LS, 
CS and RS values between preoperative and post
operative determinations (p  <  0.05), respectively 
between pneumonectomy and lobectomy (p < 0.05) 
(Table 51.3) [58].

Furthermore, Smulders et  al. [57] studied lung 
function, exercise tests and cardiac function on 15 
consecutive patients who underwent over 5  years 
ago pneumonectomy. Further, the results of both 
ventricles function in pneumonectomy patients were 
evaluated with normal ventricular sizes by MRI 
from 25 patients healthy controls (Table 51.4) [57]. 
As can be seen in Table  51.3, the group with 
pneumonectomy comprised 6 patients with right 
pneumonectomy versus 9 patients with left pneumo-
nectomy [57]. Cardiac performance output was 
quantified by classical transthoracic echocardiogra-
phy parameters: cardiac output; heart rate; left ven-
tricular end-diastolic volume; LVEDVI = LVEDV 
index; LVEF  =  left ventricular ejection fraction; 
LVM = left ventricular mass; right ventricular end-
diastolic volume; RVEDVI = RVED index; right 
ventricular mass; stroke volume (Table  51.4) 
[57].

Between the healthy control group and the left 
and right pneumonectomy groups there was a 
decrease in SV, LVEF, LVM, RVEDV (p < 0.05). 
The same cardiac echocardiographic parameters 
were applied only in patients with left or right 
pneumonectomy, and there was a decrease in 
LVEDV and RVM after right pneumonectomy 
compared to the left pneumonectomy where 
LVEDV increases and LVEF decreases (p < 0.05). 
There were not significant differences looking 
the remainder of the functional parameters 
(p > 0.05) [57].

51.6	 �Right Ventricular 
Dysfunction in Early 
Pneumonectomy

The RV function is altered during surgery just 
immediately after the pulmonary artery is clamped, 
causing the concomitant rise of the right ventricular 
afterload, increased pulmonary vascular resistance 
and increased pulmonary artery pressure [64].

These changes are the result of lowering the car-
diac output of the RV. These hemodynamic elements 
are also present during the first 3–4 days postopera-
tive or may be permanent. However the above men-
tioned manifestations are not present in lobectomy 
or segmentectomy, maybe only transitory, well 
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a

b

Fig. 51.5  Two-
dimensional speckle 
tracking for strain values 
at both right and left 
ventricles. (a) 
Circumferential strain 
derived from mitral valve 
level of right ventricle; 
(b) radial strain derived 
from mitral valve level of 
right ventricle; (c) 
longitudinal strain 
derived from apical 
4-chamber view of right 
ventricle; (d) longitudinal 
strain curves derived 
from apical 4 and 
2-chamber view and 
apical long-axis view of 
left ventricle. From Wang 
et al. [58]. It is an open 
access article. This is an 
open access article 
distributed under the 
Creative Commons 
Attribution-No 
Derivatives License 4.0, 
which allows for 
redistribution, 
commercial and 
non-commercial, as long 
as it is passed along 
unchanged and in whole, 
with credit to the author. 
http://creativecommons.
org/licenses/by-nd/4.0

tolerated and obviously not allowed. It has to be 
underlined, that in case of the new hemodynamics, 
immediately postoperative RV dilatates and decre
ases in contractility and ejection fraction [64].

51.7	 �Right Ventricular 
Dysfunction Long Time  
After Pneumonectomy

Importantly, the postoperative progression of 
patients with pneumonectomy or lobectomy and 

segmentectomy is different. First of all, preload and 
afterload after pneumonectomy are more severely 
modified with triggering of biventricular dysfunc-
tion whereas in lobectomy and segmentectomy the 
compensatory mechanisms determine the normal 
function of LV and RV.

Venuta et al. [76] studied the right heart func-
tion on 36 patients with pneumonectomy and 15 
patients with lobectomy using serial Doppler 
echocardiography in patients before surgery and 
1 week, 3 months, 6 months, 1 year, and 4 years 
postoperatively (Table 51.5) [76].
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Table 51.3  Strain values derived from right ventricle preop and postop of lung resection

Groups (n) Strain Conditions Right ventricular free wall Septum Global
Pneumonectomy (10) LS (%) Preop −30.86 ± 5.88 −17.51 ± 7.11 −24.56 ± 5.32

Postop −11.77 ± 4.14* −10.1 ± 5.92* −12.04 ± 5.33*
CS (%) Preop −14.69 ± 5.44 −16.34 ± 7.52 −15.01 ± 7.98

Postop −4.43 ± 3.56* −5.06 ± 3.83* −4.13 ± 2.86*
RS (%) Preop 33.86 ± 17.06 31.27 ± 17.78 32.56 ± 17.42

Postop 11.36 ± 4.95* 11.23 ± 4.87* 11.29 ± 4.91*
Lobectomy (20) LS (%) Preop −29.7 ± 6.23 −19.88 ± 5.92 −25.69 ± 4.71

Postop −18.03 ± 8.06*,† −15.65 ± 6.40*,† −17.07 ± 5.26*,†

CS (%) Preop −14.30 ± 9.43 −14.34 ± 9.92 −14.13 ± 10.12
Postop −7.11 ± 4.84* −6.54 ± 4.50* −6.35 ± 4.85*

RS (%) Preop 32.71 ± 16.44 28.98 ± 15.15 30.8 ± 15.80
Postop 18.14 ± 9.31* 16.10 ± 10.12* 17.12 ± 9.71*

CS circumferential strain, LS longitudinal strain, RS radial strain
*Comparison between preop and postop within the pneumonectomy group and within the lobectomy group (P < 0.05)
†Comparison between the pneumonectomy group and the lobectomy group (P < 0.05)
From Wang et al. [58]. It is an open access article. This is an open access article distributed under the Creative Commons 
Attribution-No Derivatives License 4.0, which allows for redistribution, commercial and non-commercial, as long as it is 
passed along unchanged and in whole, with credit to the author. http://creativecommons.org/licenses/by-nd/4.0

c

d

Fig. 51.5  (continued)

C. Nistor et al.

http://creativecommons.org/licenses/by-nd/4.0


895

In fact, the team of Venuta showed that RV dys-
function begins after 6  months and continues to 
deteriorate progressively up to 4 years. The PASP 
increase begins after 7  days postoperatively and 
lasts up to 4 years (p < 0.00001 versus preoperative) 
explaining thus RVDD increase (p  <  0.001). The 
most important parameter in the deterioration of RV 
performance is PASP and one reason that sustains 
this hypothesis is that after the right pneumonec-
tomy, PASP is higher than the left one.

Another argument in favour of these hypothe-
ses is that RV dilatation after pneumonectomy is 
higher than after lobectomy (p < 0.001) [59].

51.8	 �Herniation of the Heart

Nonetheless, after pneumonectomy, the pleural 
free cavity remains free. As the pressure of the 
residual lung increases with the dysfunction of 

the cardiac performance of the right ventricle and 
the left ventricle (Figs. 51.6, 51.7, and 51.8).

Table 51.4  Postoperative LV and RV functiona comparing patients with healthy controls comparing patients after 
right- and left-sided pneumonectomy

Patients
n = 15

Healthy controls
n = 25 p

Right
n = 6

Left
n = 9 p value

Age (yr) 64 ± 10 43 ± 14 0.0001
HR (bpm) 80 ± 17 65 ± 12 0.006 89 ± 19 74 ± 13 0.099
SV (mL) 64 ± 12 83 ± 17 0.001 59 ± 14 67 ± 10 0.195
CO (L/min) 5.0 ± 0.9 5.4 ± 1.5 0.567 5.2 ± 1.2 4.9 ± 0.8 0.480
LVEF (%) 58 ± 14 72 ± 8 0.001 64 ± 11 54 ± 15 0.239
LVEDV (mL) 126 ± 67 120 ± 18 0.270 94 ± 23 148 ± 80 0.025
LVEDVI 64 ± 26 61 ± 10 0.645 52 ± 9 73 ± 31 0.059
RVEDV (mL) 123 ± 39 148 ± 32 0.043 99 ± 29 139 ± 38 0.059
RVEDVI 64 ± 17 75 ± 12 0.061 55 ± 14 70 ± 16 0.099
RVM (g) 48 ± 24 51 ± 20 0.434 33 ± 17 57 ± 24 0.018
LVM (g) 120 ± 41 148 ± 36 0.017 108 ± 45 127 ± 39 0.289

From Smulders et al. [57] with permission
CO cardiac output, HR heart rate, LVEDV left ventricular end-diastolic volume, LVEDVI LVEDV index, LVEF left ventricu-
lar ejection fraction, LVM left ventricular mass, RVEDV right ventricular end-diastolic volume, RVEDVI RVED index
From Smulders et al. [57] with permission
aMean ± SD.

Table 51.5  Modifications of the echocardiographic variables during the 4 years of follow-up after pneumonectomy

Variable Preop 1W 3M 6M 1Y 4Y p-value
TVI 0.9 ± 0.7 0.9 ± 0.7 1.1 ± 0.7 1.2 ± 0.6 1.3 ± 0.5 1.3 ± 0.5 0.05
PASP 26.1 ± 2.8 31.8 ± 6.8 31.8 ± 6.8 32.6 ± 7.8 33.4 ± 7.9 34.3 ± 7.6 <0.00001
RVDD 26.4 ± 2.3 27.5 ± 2.6 28.2 ± 2.7 28.6 ± 3.7 29.6 ± 2.8 31.4 ± 3 <0.001
TRJ 2.3 ± 0.1 2.5 ± 0.1 2.5 ± 0.1 2.5 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 <0.0001

From Venuta et al. [76] with permission
TVI tricuspid valve insufficiency, PASP pulmonary artery systolic pressure, RVDD right ventricle diastolic diameter, 
TRJ tricuspid regurgitation jet, 1W 1-week follow-up, 3M 3 months, 6M 6 months, 1Y follow-up at 1 year, 4Y follow-up 
at 4 years

Fig. 51.6  Chest X ray—left pneumonectomy with car-
diac shift on the operated side with left pleural cavity dis-
appearance (4 years follow-up)

51  The Impact of Pneumonectomy on the Right Ventricular Function
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Of note, in the new anatomical conditions, 
there are changes of the ventilator function of 
lungs and biventricular cardiac performance. 
Smulders et  al. [57] studied the dynamic mag-
netic resonance imaging of RV and LV according 
to the heart rate and noticed the increase of heart 
rate (p = 0.006) and decrease of stroke volume 
(p = 0.001) compared to the reference values in 
case of the displacement of the heart in the left 
hemithorax. After right pneumonectomy and the 
displacement of the heart into the right hemitho-
rax, it produces a reduction in the EDV and main-

tains normal LVEF. Also, the left pneumonectomy 
with migration of the heart shows the decrease of 
the ejection fraction of LV andthe normal preser-
vation of the ESV and EDV of RV [57].

�Conclusions
There is no doubt that pneumonectomy has 
consequences on the cardiac performance exp
ressed by preload and afterload changes, as well 
as contractility adjustment by progressive dila
tation of RV. Repercussions on RV function are 
increase or decrease in volume or flow. Evalu

Fig. 51.7  Thoracic MRI—left pneumonectomy with cardiac displacement on the left side (4 years follow-up)

Fig. 51.8  Thoracic MRI Right pneumonectomy with cardiac displacement on the right side (1 year follow-up)

C. Nistor et al.
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ation techniques are multiple but the mechan
ism of adaptation of RV to the conditions of 
pneumonectomy is not yet precisely acknow
ledged. Deterioration of the RV function begins 
after 6 months and is progressive to heart fail-
ure. Lobectomy and segmentectomy have fewer 
changes in RV performance due to the higher 
functional remainder pulmonary parenchyma.

Without question, right ventricle modifi
cations are obviously manifest after pneumo
nectomy and even if they do not show a clear 
clinical impact they should not be disregarded 
[76].
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Abstract
The pulmonary system and the cardiovascu-
lar system are linked in multiple pathways 
such as in haemodinamics, physiological 
and pathological mechanisms, diseases 
complications and prognosis. The right ven-
tricle is a vital heart chamber for the pulmo-
nary and systemic mechanisms that 
contribute to sustain systolic and diastolic 
function. Due to the vastity and importance 
of pathologies that are involving mainly the 
left ventricule and the left heart valves rep-
resented by the mitral and aortic valves, the 
right heart was somehow like a Cinderella 
many years but as stated in the upper lines 
the right ventricule function and physio-
pathological implications are crucial for the 
normal function of the heart and cardiovas-
cular system.

In this chapter we will attempt to illus-
trate the present and future directions of 
neurohormonal modulation in right heart 
failure, the present and future directions 
of  three dimensional ultrasonographical 
assessment in the right heart pathology and 

the future perspectives given by 3D printed 
casts and materials.

Keywords
Right ventricule · Future direction · 
Physiopathology · Right heart system

52.1	 �Introduction

Cardiovascular diseases are the main global med-
ical challenge because of the important residual 
morbimortality developed in our century [1].

The pulmonary system and the cardiovascular 
system are linked in multiple pathways such as in 
haemodinamics, physiological and pathological 
mechanisms, diseases complications and progno-
sis. There is a physiological interdependency in 
the normal functions of these two systems that 
some authors have named it ‘the cardiopulmo-
nary bind system’ and  further Guyton actually 
stated in his Textbook of Human Physiology that 
we should regard the pulmonary system as the 
fifth heart chamber [1].

The right ventricule is a vital heart chamber 
for the pulmonary and sistemic haemodinamical 
mechanism that contribute to sustain systolic and 
diastolic function.

Due to the vastity and importance of patholo-
gies that mainly  involve the left ventricule and 
the left heart system valves represented by the 
mitral and aortic valves, the right heart was some-
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how like a Cinderella many years but as stated in 
the upper lines the right ventricule function and 
physiopathological implications are definitive for 
the normal function of the heart and cardiovascu-
lar system.

In this chapter we will attempt to describe and 
to point into the direction of future development 
in pathology, laboratory diagnosis, evolving 
imagistic technics, bridging therapies of the right 
heart and right ventricule.

52.2	 �Future Direction 
in Neurohormonal 
Modulation in Right Heart 
Failure

It is well known scientifically by now that neuro-
hormonal activation due to the high sympathetic 
system stimulation cause a pathophysiological 
chain of events that results in ventricular remod-
eling, myocardial fibrosis, modified systemic and 
pulmonar haemodynamics and in the end biven-
tricular failure [2].

The question that is raised is if the same neu-
rohormonal activation that contribute to the left 
ventricular dysfunction have the same relevant 
role in right ventricular remodelling, right ventri-
cule failure and pulmonary hypertension [3].

There are depicted in the medical literature 
various similarities between precipitating factors 
that act as a triggering signal and the level of neu-
roendocrine response both in left and right ventri-
cule [3].

Many studies revealed that neuroendocrine 
modulation is activated and maintained by sys-
temic baroreceptors localised in the arteries wall 
that are responsive to hypotension and chemore-
ceptors sensitive to the variation of the oxygen 
levels in the bloodstream. Also the myocardial 
receptors localised with a higher density in the 
right atrium are modulated by variation of car-
diac output and increased wall stretch [4].

All these mechanisms are responsible in the 
activation of mechanisms that generate right ven-
tricular remodulation and failure [4].

Severe pulmonary hypertension due to the von 
Oiler mechanism and the angiotensin II vascular 

effects is a very important contributing factor for 
a decreased cardiac output resulting in systemic 
hypotension and hypoxia that can generate a mis-
match between ventilation and perfusion affect-
ing the microcirculation vascular section [4, 5].

There are studies that revealed an important 
role attributed to the neuroendocrine activation in 
the primary pulmonary hypertension.

Nootens et al. have developed a study in which 
were included 21 patient diagnosed with primary 
pulmonary hypertension. The levels of norepi-
nephrine and renin were measured in the right 
atrium and in the bloodstream by femoral artery 
function [6].

The results revealed that the concentration of 
norepinephrine was higher in patients with pul-
monary hypertension in comparison to the 
healthy group. In balance the renin activity was 
not modified in both central and peripheral deter-
minations in the both groups.

So from this study has been postulated that the 
norepinephrine activity and the autonomic ner-
vous imbalance can be estimated by using the 
heart rate variability.

This is a non-invasive method that it is 
obtained by measuring the variation of the heart 
rhythm on the surface 12 lead ECG during an 
interval of 15 minutes [7].

A very famous study in this regard has 
included a number of 75 patients with chronic 
heart failure involving predominantly right ven-
tricule dysfunction. In the study group the levels 
of plasma norepinephrine were correlated signifi-
cantly with the high heart rate variability [7].

In contrast in the control group where the lev-
els of norepinephrine were almost in normal 
range the variability of the heart rate was very 
thin. In conclusion this study stated that heart 
rate variability can be used as a clinical parame-
ter to assess the disautonomic imbalance and to 
suggest the presence of the right ventricular 
dysfunction.

Torbicki et al. in a study tried to give an answer 
to the question if there is any evidence of right 
ventricular cardiomyocites dysfunction on a 
molecular level from the increased activity of the 
sympathetic activity in patients suffering from 
pulmonary arterial hypertension [8].
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All the patients with arterial pulmonary hyper-
tension that presented elevated levels of troponin 
T have a worse prognosis compared with  the 
patients with troponin T in normal range values.

The most important aspect is the fact that all 
patients regardless of their plasma troponin T lev-
els have a high sympathetic activity revealed by 
high plasma concentrations of epinephrine and 
norepinephrine but only the patients group with 
increased levels of troponin T have the worse 
prognosis factors and the lowest survival on the 
Kaplan Myers charts.

Furthermore treatment with vasodilators and 
spironolactone have reduced significantly the 
levels of troponin T and the survival rate has 
increased in this category of patients.

The majority of patients have o high heart rate 
variability as a clinical marker of right ventricule 
dysfunction and hipersympathetic activity.

The most important pharmacological mole-
cules that are efficient and approved in the current 
guidelines for reducing right ventricular dysfunc-
tion are spironolactone, digoxin and the increased 
oxygen input in cases of chronic hypoxia [9, 10].

Spironolactone is a very efficient modulator of 
the neuroendocrine pathological activation that 
can be used in isolated right ventricular failure or 
with other diuretics as combined therapy in arte-
rial pulmonary hypertension [9].

Digoxin has demonstrated its usefulness when it 
is administred orally or by  intravenous way  in 
patients with pulmonary arterial hypertension and 
right ventricule dysfunction one of the effects being 
the lowering of the plasma norepinephrine [10].

External oxygen administration can be an 
option in acute and chronic hypoxia that can results 
in decreasing the pathological neuroendocrine 
activity and correct the metabolic acidosis [11].

52.3	 �Future Directions in 3D 
Echocardiography in Right 
Ventricular Pathology

The ultrasound technology has been improving 
for the last decade, cardiac ultrasonography being 
nowadays the most important imagistic feature to 
explore the cardiovascular system.

As a result of technological development of 
the bidimensional sectional ultrasonography the 
tridimensional ultrasounds have emerged and can 
be used for the expansion of diagnosis capabili-
ties and to refine the stage of pathologies [12].

Three dimensional ultrasonography has a 
higher accuracy in the determination of ventricu-
lar muscle mass, depiction of valvular ultrastruc-
ture by obtaining a reconstruction of the 
anatomical cardiac sections from a series of rota-
tional images that were obtained using a fixed 
point on the apical, coronal, sagittal or transverse 
axis.

The bidimensional ultrasound technics uses 
planes or incidences through which the ultra-
sounds pass making a 2D acquisition. In contrast 
the tridimensional ultrasonography has volumet-
ric points of view making possible the study of 
cardiac morphology and functionality from 
external perspectives and from various internal 
views [12].

The main clinical applications of the 3D ultra-
sounds are cardiac chamber quantification, val-
vular structures depiction both in ambulatory or 
intraoperatory environments.

The right ventricular ultrasonographic assess-
ment in bidimensional mode is very difficult and 
limited because of the characteristic pyramidal 
shape which it is nor a habitual technical geomet-
ric form in the ultrasonic acquisition. The recon-
struction of the right ventricule by using 3D 
technology can be a suitable solution for the 
imagistic anatomic and functional evaluation of 
this heart chamber [13].

The main issue that could rise is the fact that 
the 3D reconstruction of the right ventricule is 
obtained from the offline processing and also we 
have to consider the fact that the images neces-
sary for the postprocessing will be obtained by 
using bidimensional methods [13].

A very recent group of studies coordinated by 
Papavassilou et al. suggested the use of real time 
three dimensional echocardiography in the 
description of the anatomy and functionality of 
the right ventricule. A possible issue that can 
emerge is that the technique is still expensive and 
time consuming thereby with a relative narrow 
use in clinical practice [13].
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With 3D echo and real time three dimensional 
echocardiography we can also describe heart val-
vular functionality. With the refined details 
obtained by valvular reconstruction techniques 
we can assess the best conditions for valvular 
reparing and replacement [14].

Three dimensional ultrasonography can also 
be used successfully in describing and assessing 
congenital heart diseases. It can be used for both 
isolated congenital disease but also in complex 
congenital cardiac anomalies.

In the preoperatory stage we can use 3D echo 
in the septal defects to describe the type of defect, 
the amount of the residual tissue and the mor-
phology of the solution of continuity. So by using 
this innovative imagistic method we can assess 
with precision the type of cure interventional or 
surgical that is recommended [15]. A clinical 
practical application of three dimensional ultra-
sound is the evaluation of the therapeutic success 
and to find evidence of a possible residual shunt 
[15]. We can also estimate by 3D reconstruction 
the entire interventricular septum and analyse the 
color flow jet through the continuity solution and 
quantify its magnitude to better estimate the ther-
apeutic cure [16].

By using 3D echo we can study with higher 
sensibility and specificity the diastolic and sys-
tolic function, the rotational and longitudinal 
strain of the left and right ventricle in the preop-
erative stage in a isolated or complex congenital 
heart disease [13].

We can also confirm the fact that three dimen-
sional echo has a greater sensibility and is more 
reliable then bidimensional transoesophagial 
echocardiography during surgery providing addi-
tional information such as distorsion and folding 
of the tricuspidian annulus during valvular recon-
struction and can better assess the potential resid-
ual valvular regurgitation.

In conclusion three dimensional echocar-
diography it is already used in the refined 
assessment of valvular heart disease, congenital 
heart conditions and anatomy and functionality 
of the left and right ventricules making recon-
struction images in order to enhance the quality 
of the medical diagnosisis and therapeutic 
protocols.

52.4	 �Future Directions in 3D 
Printing in Right Heart 
Pathology

Three dimensional printing is a innovative 
method of obtaining models and casts of the 
entire human heart or from selected parts of it.

This modern method can be used in variate 
medical domains such as medical surgical train-
ing for a visual comprehension of the surgical 
methodology, protocols and also in the manufac-
turing of implants, patches, artificial valves and 
tissue engineering.

Three dimensional printed materials are 
obtained by reconstructing the heart structure 
using high resolution imagistic techniques such 
as advanced multi-slice computer tomography, 
cardiac magnetic resonance, 3D ultrasonography 
and real time 3D cardiac ultrasonography.

The main practical usage for three dimen-
sional printing is represented by contribution for 
diagnosis and improved therapeutic methods in 
congenital heart disease.

Congenital heart disease are the most frequent 
birth anomaly, its incidence and prevalence with 
live birth being estimated in 7.5 per 1000 [17]. 
The haemodinamic consequences and the func-
tional impairment caused by congenital heart dis-
ease put them on a public health importance [17].

The imagistic information provided by 
advanced computer tomography, cardiac mag-
netic resonance, 3D echocardiography is very 
accurate but the surgeon have to make a mental 
reconstruction of the congenital anomaly. In an 
isolated anomaly this process can be relatively 
easy but in a complex congenital heart disease 
this process can be complicated [18].

We can also state that the usage of ultraspe-
cific medical terms between cardiologists, 
radiologists and cardiac surgeons may lead to 
misunderstanding the precise surgical anatomy 
and congenital anomaly description [19].

Medical data about 3D printed casts and mate-
rials with the intentional usage purposes was 
published in the early 2000 by Binder et  al. 
describing the positive role of 3D structures in 
facilitating the diagnostic and therapeutic medi-
cal performance [19].
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We will try to resume the current and possible 
application of 3D printed materials and the future 
direction in the medical management of the con-
genital heart disease.

Generally for the assessment of an isolated or 
complex congenital anomaly are used two types 
of heart models represented by blood pool mod-
els and wall models for the endocardial surface 
representation [20, 21].

The process of obtaining a suitable cast of the 
epicardial heart surface for the blood pool and of 
the inner endocardial surface can be time con-
suming up to a interval represented between 3 
and 10 hours depending of the cardiac structure 
and of the size of it.

The main applications of the 3D printed cast 
models are in hands-on surgery training for the 
refinement of surgical techniques in young and 
not yet experienced surgeons without the risks 
involved on the surgical table [22].

For the most experienced cardiac surgeons the 
3D printed casts can be use to try new surgical 
methods procedures and to refine their surgical 
skills for rare and very rare disease [23, 24].

Another practical application of 3D printed 
casts is the preoperatory three dimensional view of 
the congenital anomaly practical for establishing 
the timing of the procedures and the surgical ges-
tures step by step adapted to each patient [25, 26].

Also 3D printed models can be used for edu-
cational means for patients suffering from con-
genital heart disease and undergoing 
interventional or surgical procedures for better 
understanding of the procedure, the risks involved 
and the target of their treatment [27].

Despite many limitations represented by 
obtaining the images, processing and postpro-
cessing, printing the models, time challenges 3D 
printed materials can be a giant step forward into 
the direction of personalised medicine and refin-
ing interventional and surgical procedures [27].
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A
A band, 69
Abnormal valve function, 317
Acute cellular rejection, 783
Acute graft failure, 783

primary cardiac allograft failure, 782
primary lung allograft failure, 783

Acute humoral rejection, 783
Acute myocardial infarction (AMI), 195, 537
Acute pulmonary embolism, 217, 287, 526
Acute respiratory distress syndrome (ARDS), 210, 687, 

884
Acute right heart failure, 215, 217–221

afterload, 223
BNP, 222
catheterization, 221
causes and mechanisms, 217
chest radiography, 222
diagnostic work up, 220

echocardiography, 221
EKG, 220

epidemiology, 216
etiology and pathophysiology, 216, 217

acute pressure overload, 217
chronic pressure overload, 218
clinical presentation, 220
congenital heart disease and RV failure, 219, 220
ischemic RV failure and RV infarction, 219
secondary to left heart failure, 218

exercise stress testing, 221
improving contractility, 224
MRI and CT scan, 221
PAH, 222
preload optimization, 223
prognosis, 216
RV ischemia and infarction, treatment of, 224
treatment and management, 222

Acute right ventricular failure, 216
Acutely decompensated chronic heart failure (ADCHF), 

216
Alagille syndrome, 261
Alcohol, 170
Alcohol abuse, cardio-pulmonary system, 870
Aldosterone, 121

AlloMap molecular expression testing, 782
Ambrisentan therapy, 302, 409
Amplatzer device, 716, 717
Amyloidosis

beta blockers, 470
calcium-channel blockers, 470
cardio-pulmonary system, 870
clinical presentation, 468, 469
clinical signs, 468
deposition, 469
diagnosis, 468
doppler myocardial imaging, 469
echocardiographic findings, 468, 470
familial/senile systemic, 467
hemodialysis-associated, 467
immunoglobulin, 467
impaired function, 470
with 4′-iodo-4″-deoxydoxorubicin, 471
laboratory findings, 468
pathophysiology, 470
secondary, 467
typical apple-green birefringence, 468

Anasarca edema, 242, 524
Angina, 490
Angiogenesis, 20, 64, 66, 67
Angiography, 702, 711
Angiosarcoma, 501, 502
Angiotensin II (Ang II), 120, 121
Angiotensin II vascular effects, 902
Angiotensin receptor blockers (ARBs), 126
Annuloplasty ring placement, 736
Annuloplasty techniques, 324
Anorexigens, 304
Anrep effect, 151, 152, 217
Anrep’s law, 393
Anterior descending artery (ADA), 147
Anticoagulation, 432
Anti-placental growth factor (anti-PlGF), 477
Anti-vascular endothelial growth factor (anti-VEGF), 

477
Aortic anastomosis, 780
Aortic arches, 21
Aortic stenosis, 376–378
Aortic valve replacement surgery, 378
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Aortopulmonary septum, 17
Apoptosis, 64, 77, 103, 105, 106
Apoptotic cell death, 104
Arial septostomy

angiographic diagnosis, 709
benefits, 710
circulatory paths, 708
interatrial communication, 709
interventional procedure, 708
technique, 709–710

Arrhythmia, 418–422
arrhythmogenic cardiomyopathies

ARVC, 418–420
Brugada syndrome, 421–422
myocarditis, 421
sarcoidosis, 418–421

ASD, 423
Coumel type tachycardia, 424
Ebstein’s anomaly, 423
Mahaim fibers, 424
PAH, 425
RVOT VT, 424
tetralogy of Fallot, 422, 423

Arrhythmogenic right ventricular cardiomyopathy 
(ARVC), 170, 365, 418–421, 609

Brugada syndrome, 421, 422
myocarditis, 421
sarcoidosis

autopsy studies, 420
clinical manifestations, 420
complete heart block, 420
conduction disorders, 420
device implantation, 420
diagnosis, 420
differential diagnosis, 420
granulomatous lesions, 420
meta-analysis, 421
myocardial sarcoid granulomas, 420
sarcoid inflammatory process, 420
sudden death, 420
ventricular arrhythmias, 420

Arrhythmogenic right ventricular dysplasia (ARVD), 
537, 609, 816

Arrythmias, 211
Arterial elastance (Ea), 152
Arterial hypoxemia, 872
Arterial pulmonary hypertension, 903
Arterial spin labeling technique, 618
Arterio-venous gradient, 680
Artificial cords, 738
Assay for transposase-accessible chromatin sequencing 

(ATAC-seq), 63
AT1 receptor blockers (ARBs), 120
Atria specimens, 49
Atrial genesis, 9
Atrial repolarization, 529
Atrial septal defect (ASD), 209, 261, 423, 548, 550

cardiologists, 713
complications, 714
congenital malformations, 713

contraindications, 713
Eisenmenger syndrome, 275
indications, 713
interatrial communication, 713
ostium primum defect, 274
ostium secundum, 274
PAH, 277
parameters, 277
relaxation abnormalities, 275
reverse-remodeling process, 275
sinus venosus, 274
sPAP, 277
technique, 714
TEE, 274, 713
transthoracic echocardiography, 274
types, 713
unroofed coronary sinus, 274

Atrial septation, 9, 10
Atrial tachyarrhythmia, 816
Atrial tachycardia, 519
Atrioventricular canal (AVC), 9, 11, 12, 14, 15
Atrioventricular conduction axis, 46
Atrioventricular conduction blocks, 519
Atrioventricular junction, 11, 12, 14, 15
Atrioventricular valves, 12, 14
Atrioventricular valvulogenesis, 14, 15
Autoimmune disease, 169
Autologous stem cell transplantation, 458
Autophagic-lysosomal pathway (ALP), 106
Autophagy, 106
Axiogenesis, 61
5-Azacytidine, 74

B
Bachman’s bundle, 41
Bacterial lipopolysaccharides, 477
Balloon valvuloplasty, 701
Basic helix-loop-helix (bHLH), 11
Beating-heart procedure, 736
Bedside Shivering Assessment Scale, 855
Bellows effect, 182
Benign tumors

fibroma, 495, 496
hemangiomas, 494, 495
lipoma, 498
myxoma, 490–493
papillary fibroelastoma, 496–498
rhabdomyomas, 493, 494
schwannoma, 499

Beraprost, 301
Biatrial HTx, 780
Biatrial technique, 779, 780
Bicaval HTx, 778
Bicaval technique, 777, 779
Bilobectomy, lung cancer, 887
Biventricular (BiV) pacing, 127
Biventricular (BiV) remodelling, 96
Biventricular ventricular assist device (BiVAD), 802
Blood conservation techniques, 857
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Bone marrow stem cells (BMSC), 74
Bone morphogenetic (BMP) pathway, 58
Bosentan, 302
Bowel edema, 684
Brain natriuretic peptide (BNP), 222
Bronchopulmonary dysplasia, 408
Brugada syndrome, 421
B-type natriuretic peptide, 680
Bundle of His, 41, 42

C
Cachexia, 242, 243
Calcineurin activation, 76, 77
Calcium channel blockers, 223, 409
Calcium sparks, 71
Carcinogenesis, 602
Carcinoid heart disease, 320, 327
Cardiac allograft vasculopathy, 781, 783
Cardiac angiography, see Cardiac catheterization
Cardiac autophagy, 239
Cardiac cachexia, 242, 243, 520, 526
Cardiac catheterization

adult laboratories, 630
angular X-ray tubes, 629
aortic angiography, 639
aortic pressure curve, 634
aortography, 632
biplane X-ray equipment, 629
cardiac output, 637, 638
complications, 629
contraindications, 628
contrast agent, adverse reactions, 629
definition, 626
diagnostic method, 626
electronic auxiliary equipment, 629
femoral vein approach, 631
hemodynamic data, 631–633
hemodynamic parameters, 626
history, 626
indications, 626–628
intravascular pressure, 634
laboratory, 629
maneuvers, 632
oximetry, 636, 637
patient preparation, 630
pressure curves, heart cavities, 634
pull-back pressure pulmonary artery, 636
pulmonary artery pressure curve, 634
pulmonary hypertension, 639
pulmonary resistance, 638
right atrium and ventricle pressure curve, 634
Seldinger technique, 630
surgical/interventional maneuver, 639
tetralogy of Fallot, 640
vascular resistance, 638
X-ray system, 630

Cardiac cirrhosis, 523, 869
Cardiac conduction system, 21, 22
Cardiac contraction, 180

Cardiac cycle, 149
Cardiac development stages, 4
Cardiac dysfunction severity, 761
Cardiac electronic implantable devices, 750, 751
Cardiac fibroblasts (CFs), 102
Cardiac fibrosis, 107, 109, 239
Cardiac findings

acute pulmonary embolism, 526
diastolic murmurs, 525
diastolic pulmonic regurgitation murmur, 525
right sided S3 sound, 525
right ventricular myocardial infarction, 526
tachycardia, 525
tricuspid regurgitation, 525

Cardiac haematological malignancies, 456
Cardiac hepatopathy, 759
Cardiac hypertrophy, 238, 239
Cardiac implantable electronic devices (CIED)

axillary vein anatomy, 838
axillary vein puncture, 840
cephalic vein access, 839

deltopectoral groove, 839
procedural aspect, 840
subclavian vein access, 839, 840

cephalic/antecubital vein, 838
complications, 841
femoral vein, 841
infraclavicular area, 839
insertion and venous access, 841

air embolism, 843
arrhythmias, 843
bleeding and local hematoma, 843
cardiac perforation, 844
cardiac tamponade, 844
death, 843
extracardiac stimulation, 844
hemothorax, 843
lead dislodgement, 842
lead perforation, 844
pacemaker mediated tachy-cardia, 843
pneumothorax, 842, 843
post ICD implant extensive hematoma, 843
venous thrombosis and obstruction, 844

late complications, 841
lead-related complications, 842
left superior vena cava approach, 841
pocket related complications, 841
primary infections, 842
pulse generator/ICD generator, 842
secondary infections, 842
supraclavicular fossa veins, 838, 839
transhepatic with suprahepatic vein approach, 841
venography-subclavian vein stenosis, 840
venous anatomy, 838
venous approach, 839

Cardiac index (CI), 241, 596
Cardiac injury, 95
Cardiac interstitium, 102
Cardiac magnetic resonance imaging (CMR), 146, 161, 

174
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Cardiac metabolism, 122
Cardiac metastases

chloroma, 458
differential diagnosis, 458
in fibrin networks, 456
haematological malignancies, 456, 458
hypodense structures, 457
incidence, 456
infiltration, 456, 457
isoechogenic structures, 457
macroscopic and microscopic examination, 458
mild ST elevation and T wave inversion, 457
pericardial effusion, 457
pericardial thickening and nodule, 456
plasma cell neoplasia, 458
right atrium/ventricle, 457
secondary tumors, 457
size, 457
survival rate, 458
treatment, 458
tumor dissemination, 456

Cardiac morphogenesis, 4
Cardiac outflow formation, 16, 17
Cardiac pacing

atrial dyssynchrony, 339
atrial septal pacing, 339
biatrial site right atrial pacing, 340
cardiac resynchronization therapy, 340
clinical implications, 337–339
conventional dual-chamber pacing system, 332
conventional RAA pacing, 340
conventional right atrial-paced rhythm, 340
interatrial septum vs. conventional pacing, 340
intraventricular conduction delay, 332
LBBB, 332, 333
RV apical pacing, 333, 334
RV pacing-induced cardiomyopathy, 334, 335
selective/alternate site pacing, 335–337, 340
VDD pacing, 340
ventricular dyssynchrony, 333

Cardiac plasmacytoma, 456, 458
Cardiac progenitor cells (CPC), 5
Cardiac regenerative medicine, 126, 127
Cardiac rehabilitation, 826
Cardiac remodelling (CR), 91, 92, 108–110,  

112, 195
adaptive vs. maladaptive, 96
Ang II, 120, 121
apoptosis, 103, 106
BP, 119, 120
cardiac regenerative medicine, 126, 127
cardiomyocyte, 97–99
cell markers, 93
cellular and molecular changes, 97
CFs, pleiotropic functions, 102
CHD, 92
collagen synthesis and degradation, 102, 103
coronary vascular remodelling, 125
cytokines, 112, 113
device-based therapies, 127–129

electrical remodelling in, 124, 125
endothelins, 112
energy metabolism and, 121–123
ER stress, 100
etiology, 92
fibrosis, 106–108

miRNAs, 108–110, 112
foetal gene pattern, 93
functional changes, 96, 97
hemodynamic load, changes in, 119
leukocytosis, 113
matricellular proteins, 99, 100
myocardial infarction, 117, 119
neurohormonal activation, 120
oxidative stress, 113, 115
peripheral monocytosis, 115, 117
reverse, 126
types, 92

Cardiac resynchronization therapy (CRT), 127, 332, 340, 
348, 349

implantation devices (see also Cardiac implantable 
electronic devices)

epicardial approach, 837
using upper extremities and neck veins, 837

left ventricular lead placement
activation sequence, 355
anatomical strategy, 355
clinical and echographic response, 354, 355
CMR, 357
conventional approach, 349–351
echocardiographic studies, 356
electrical and mechanical activation patterns, 354, 

356
electrical delay (RV-LV interval), 356
endocardial approach, 351–352
image fusion techniques, 357
LBBB morphology, 355
limitations, 357
MRI, 356
multisite pacing, 354
myocardial scarring, 355
percutaneous epicardial approach, 353
PET, 356
QLV interval, 356
SPECT MPI, 356
STARTER trial, 356
surgical epicardial approach, 352–353
TARGET trial, 356
2D speckle tracking, 356

right ventricular lead
alternative RV pacing sites, 348, 349
anatomical and histopathological changes, 348
LV ejection fraction, 349
LV end-systolic volume reduction, 349
LV pacing site, 348
MADIT-CRT trial, 348
midseptal RV lead position, 349
reverse remodelling, 349
due to ventricular tachycardia/fibrillation,  

348
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Cardiac rhythm, 151
Cardiac sarcoidosis

autopsy studies, 420
clinical manifestations, 420
complete heart block, 420
conduction disorders, 420
device implantation, 420
diagnosis, 420
differential diagnosis, 420
granulomatous lesions, 420
meta-analysis, 421
myocardial sarcoid granulomas, 420
sarcoid inflammatory process, 420
sudden death, 420
ventricular arrhythmias, 420

Cardiac stress, 121
Cardiac surgery

complication, 847
hemodynamic parameters, 847, 862
inhaled milrinone, 666
intraoperative diagnosis, 847
prognosis, 847
pulmonary hypertension, treatment of, 673, 847
RV failure

afterload augmentation, 848
albumin, 859
anesthetic management, 848, 849, 851
anticoagulation, 851
antifibrinolytic drugs, 851
biventricular assistance/ECMO, 848
cardiac surgical procedure, 852
cardiopulmonary bypass, 848
causes, 848
chloride-restrictive intravenous fluid 

administration, 860
chronic therapies, 849
clinical symptoms and signs, 849
colloids, 859
crystalloids solutions, 859
diagnostic criteria, 864
diuretics, 858
echocardiographic evaluation, 850
echocardiography, 848, 849
etiologies, 848
fluid solutions, 859
fluid therapy, 858, 859
fractional area change, 850
hemodynamic monitoring devices, 849
hemodynamic physiology, 850
hypertonic solutions, 860
intensive cardiac care unit, 854
intraoperative management, 853, 854
intraoperative monitoring, 849, 850
intraoperative TTE, 849
medications, 849
near infrared spectroscopy, 850
neurologic complications, 854
patient monitoring, 849
perioperative management, 848, 849
perioperative optimization, 848

postoperative complications, 850
postoperative management, 854
postoperative mortality and cost, 848
postoperative rewarming phase, 860
preoperative causes, 848
preoperative diagnosis, 848
pre-operative hypoalbuminemia, 859
pulmonary artery pressure monitoring, 849
pulmonary pressure, 850
quantitative and qualitative platelet dysfunction, 856
regional cerebral oxygen saturation, 851
right heart catheterization, 848
right ventricular outflow tract obstruction, 850
RV internal diameter in diastole, 850
RVOT obstruction, 850
starch solutions, 859
Swan Ganz pulmonary artery catheters, 849
transfusion acute cardiac overload, 857
tricuspid annular plane systolic excursion, 850
volume therapy, 858

transesophageal echocardiography, 847
Cardiac tamponade, 857
Cardiac troponin T (cTnT), 161
Cardiac tumors

cardiac metastases
chloroma, 458
differential diagnosis, 458
in fibrin networks, 456
haematological malignancies, 456, 458
hypodense structures, 457
incidence, 456
infiltration, 456, 457
isoechogenic structures, 457
macroscopic and microscopic examination, 458
mild ST elevation and T wave inversion, 457
pericardial effusion, 457
pericardial thickening and nodule, 456
plasma cell neoplasia, 458
right atrium/ventricle, 457
secondary tumors, 457
size, 457
survival rate, 458
treatment, 458
tumor dissemination, 456

primary cardiac lymphoma
arrhythmia, 459
chemotherapy, 460
imaging techniques, 460
immunocompetent hosts, 459
incidence, 459
laboratory findings, 459
location, 459
macroscopic and microscopic examination, 460
origin, 459
patient age, 459
pericardial effusion, 459
poor prognosis, 461
radiation therapy, 460
right-sided heart failure, 459
survival rate, 461
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Cardiac vascular genesis
aortic arches, 21
coronary arteries, 19, 20
sinus venous, 21

Cardiogenesis, 4, 64, 66, 67
Cardiogenic shock, 216
Cardiomyocytes (CMC), 68, 70–75, 97–99

differentiation, 58, 61
hypertrophy, 184–187
morphology and ultrastructure, 67, 69–71

human adult phenotype, 68, 70–72
proliferation capacity, 72–75

right ventricle, molecular peculiarities of, 79–81
ROS-induced intracellular changes in, 118

Cardiomyopathic processes, 813
Cardioplegia, 852
Cardiopulmonary by-pass (CPB), 851, 852,  

861–864
antifibrinolytic therapy, 856
coagulation abnormality, 856
epicardial pacing, 853
fibrinolysis, 856
heparin neutralization, 853
hypothermia, protective effect, 854
mechanical ventilation, 858
metabolic abnormalities, 853
metabolic acidosis, 861
oxygen consumption, 855
postoperative bleeding, 856
postoperative hypothermia, 854
pressure transducers, 853
rewarming shock, 855
RV failure and hemodynamic support

cardiac index, 861
cardiac output monitoring, 862
circulatory assist devices, 864
extracorporeal membrane oxygenation systems, 

864
ICCU management algorithm, 862, 863
pharmacologic support, 864
physiopathology process, 861
postcardiotomy, 864
pulmonary vasoconstriction, 862
tissue oxygen delivery, 861

skin vasoconstriction, 855
Stewart equation, 861
temperature rewarming, 853
termination of, 853
ventilation, 853
ventilation mode selection, 858
ventilatory management, 858
ventilatory support, 858
warming techniques, 855
weaning protocol, 858

Cardiopulmonary exercise testing (CPET), 297, 760
Cardiopulmonary exercise tests, 884
Cardiopulmonary rehabilitation, 299
Cardiorenal syndrome (CRS), 250, 815

Cardiotoxicity
chemotherapy

anthracyclines, 464, 465
cyclophosphamide, 465
dasatinib, 465
dexrazoxane, 464
global function, 465
left and right ventricular remodeling, 464
longitudinal function, 465
myocardial alteration, 464
thalidomide, 465
trastuzumab, 464

radiation therapy
atherosclerosis promoting factors, 462
AV block, 463
biomarkers, 463
cardiac tissue damage and replace, 461
cardiovascular side effects, 461
cause of death, 461, 463
chronic/acute RICAD, 462
complications, 461
conduction system, 463
constrictive pericarditis, 463
drug eluting stents, 463
endothelial dysfunction, 462
endothelial injury, 461, 462
estimation, 461
fibrosis, 462
oxidative stress, 462
pulmonary fibrosis, 463
radiation pneumonitis, 463, 464
risks, 461
traditional modifiable risk factors, 462
valve disease, 463

Cardiovascular diseases, 901
Cardiovascular system, 901
Ca2+ signaling, 81
Catecholamines, 217
Catheterization, see Cardiac catheterization
Cavotricuspid isthmus/inferior isthmus (CTI/CVTI), 29–31
Cell communication, 102
Cellular divergence, 93
Central venous pressure (CVP)

cerebral perfusion, 688
diuretic therapy, 680
and echocardiographic measurements, 684
in heart failure patients, 679, 683
IVC diameter, 681
waveform, 685
with/without severe ascites, 759

CentriMag, 864
Centrolobular necrosis, 250
Chemokines, 118
Chemotherapy

cardiac metastases, 458
cardiotoxity

anthracyclines, 464, 465
cyclophosphamide, 465
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left and right ventricular remodeling, 464
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myocardial alteration, 464
thalidomide, 465
trastuzumab, 464

PCL, 460
Chest radiography, 222
Chloroma, 458
Chromatin immunoprecipitation and high-throughput 

sequencing (ChIP-seq), 63
Chromosomal abnormalities

atrial septal defect, 261
chromosomal aneuploidy, 259
chromosomes deletion, 260
disorders, 260–261
gene mutations, 260
microdeletions, 260
microduplications, 260
modification, 260
molecular cytogenetics, 260
nonsyndromic, 260
patent ductus arteriosus, 261
syndromic, 260
ventricular septal defect, 261

Chromosomal aneuploidy, 259
Chromosomal disorders, 260–261
Chromosome conformation capture (3C), 63
Chromosomes deletion, 260
Chronic hypoxemia, 392
Chronic hypoxia, 393
Chronic liver disease, 870
Chronic lung allograft dysfunction, 783
Chronic lung disease

endothelial dysfunction, 398–400
on heart structure and function, 402
HPV (see Hypoxic induced pulmonary 

vasoconstriction)
pulmonary hypertension and RV dysfunction

acute exacerbation, 410
adaptive hypertrophy, 402
altered vascular structure, 400
chest radiography, 406
chronic hypoxia, 393
combined pulmonary fibrosis and emphysema, 

401, 405
complications, 409, 410
COPD, 404
electrocardiographic findings, 406, 407
endothelial dysfunction, 398–400
epigenetic mechanisms, 403
hypothesis, 403
ILD, 404
inflammation, 403
integrins and focal adhesion complexes, 402
interstitial lung disease, 401
invasive hemodynamic measurements, 408

isovolumetric acceleration and tricuspid annular 
systolic velocity, 407

lung vascular bed, 393
mechanism, 393
multidetector computer tomography scanning, 406
obstructive sleep apnea, 400–401
parallel synchronously mechanisms, 404
pathobiology, 403
pathology, 393
physical examination, 406
pulmonary functional testing, 406
pulmonary vascular endothelium, 394
serological testing, 406
sleep-disordered breathing, 405
therapy, 408, 409

Chronic obstructive pulmonary disease (COPD), 248, 
393, 404, 520, 537, 538

Chronic right heart failure, 175, 227, 238–240
anasarca edema, 242
assessment, 233, 234
cardiac cachexia, 242, 243
chronic non-cardiac organ dysfunctions, 240
chronic volume overload, 237, 238
congestive hepatopathy, 240, 241
congestive nephropathy, 241, 242
contractile anatomy, 229
determinant, 229
echocardiographic measurements, 234
etiology, 229
helical ventricular myocardial band model, 230
invasive parameters, 235
pathologic changes, 238

cardiac fibrosis, 239
cardiac hypertrophy, 238, 239
intrinsic myocardial disease, 239, 240

pathology, 228
physiologic responses, 234–237
physiology, 230, 231, 233
signs and symptoms, 229
systolic contraction mechanism, 231

Chronic RV pressure overload, 188, 208, 209
Chronic thromboembolic pulmonary hypertension 

(CTEPH), 287
anatomic types, 310
balloon pulmonary angioplasty, 311
definition, 310
early postoperative reperfusion oedema, 311
endarterectomy, 310
general operability criteria, 311
imaging modality, 310
incidence, 310
optimal medical treatment, 311
pathogenesis, 310
pulmonary angiography, 310, 311
pulmonary microvascular disease, 311
RHC, 310
riociguat, 311
risk factors, 310
symptoms, 310
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Cirrhotic cardiomyopathy (CCM)
acid-base and electrolytes disturbances, 872
cardiac abnormalities, 477
cause of death, 477
definition, 478
diagnosis, 477, 870
diastolic dysfunction, 478
electrical abnormality, 478
hyperdynamic pattern, 870, 872
imaging method, 478
post-transplant evolution, 872
preload and afterload, 872
pretransplant diagnosis, 870
prevalence, 477, 870
and RV dysfunction

biatrial dilatation, 871
cardiac biomarkers, 870
echocardiographic assessment, 870
echocardiography, 870, 871
electrophysiologic anomalies, 870
hemodynamic fluctuations, 871
12 lead electrocardiography, 870
longitudinal fibers, 870
morbidity, 870
pretransplant diagnosis, 871
tissue Doppler echocardiography, 870
transthoracic echocardiography, 871

screening, 477
signs, 870
splanchnic arteriolar vasodilatation, 870
systemic vascular resistance, 870
systolic dysfunction, 478
treatment, 479

Clotting disorders, 859
Clover technique, 324
Color tissue Doppler technique, 447, 449, 450
Comparative genomic hybridization (CGH), 260
Computational cardiac modelling, 50, 51
Computed tomography (CT)

advantages, 601
anaphylactic shock, 602
anatomical evaluation, right heart, 606
dual source scanners, 602
dual-energy/multi-energy/spectral CT technology, 602
general anesthesia/sedation, 603
image reconstruction and postprocessing

axial source images, 605
cine images, 605
curved multiplanar reconstructions, 605
double oblique image, 605
endoscopic view, 605
maximal intensity projection, 605
multi-planar reconstructions, 605
3d renderings of vascular structures, 605

iodinated contrast media, 602
iodine maps, 603
ionizing radiation, 602
low/iso-osmolar contrast media, 603
metformin, 603
morphology and function, 601
multi-detector scanners, 602

optimal opacification, 603
pathologies, 607

cardiac masses, 610, 611
cardiomyopathies, 609, 610
congenital heart disease, 608, 609
masses, 611
acute, 607
chronic, 607
pulmonary hypertension, 608
valvular disorders, 611

photon counting CT, 603
protocols, 603, 604
radiation dose reduction strategies, 605–606
right heart diseases, evaluation, 601
scanners, 602
wide-array/volume scanners, 602

Concentric hypertrophy, 189, 190, 192
Concomitant prophylactic tricuspid valve annuloplasty, 

734
Conduction system, 40, 41
Congenital heart defects (CHD), 63
Congenital heart disease (CHD), 92, 110, 146, 175, 219, 

816
chromosomal abnormalities

atrial septal defect, 261
chromosomal aneuploidy, 259
chromosomes deletion, 260
disorders, 260–261
gene mutations, 260
microdeletions, 260
microduplications, 260
modification, 260
molecular cytogenetics, 260
nonsyndromic, 260
patent ductus arteriosus, 261
syndromic, 260
ventricular septal defect, 261

conceptual evolution, 258
copy number variations

alteration mechanism, 262
array-CGH, 262
definition, 262
FISH, 262, 264
mechanisms, 262, 263
SNPs, 262
variation, 262

end-stage, biventricular form, 765
etiology, 259
genetic disorders, 259
non-syndromic, 262, 265–266, 268
PAH, 304
prevalence, 547
and right heart, 274–281

anatomy, 273
angiographic assessment, 274
CMR, 274
echocardiography, 274
multiscan CT, 274
pressure-loaded RV (see Pressure-loaded RV)
volume-overloaded RV (see Volume-overloaded 

RV)
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syndromic, 266–268
transcription factors, 262, 267

Congenitally corrected transposition (ccTGA), 279, 280
Congestive heart failure, 92, 683, 684, 687, 690
Congestive hepatomegaly, 523
Congestive hepatopathy, 240, 241, 869
Congestive nephropathy, 241, 242
Congestive splenomegaly, 523
Connective tissues disease (CTD), 305, 306
Conotruncal anomaly face syndrome, 261
Conotruncus, 16
Constrictive pericarditis, 463
Continuous dual ventricular assist devices

Heartmate-III, 803
Heartware HVAD, 802

Contraction pattern, 205
Contraction synchronicity, 151
Conus, 16
Conventional dual-chamber pacing system, 332
Copious diuresis, 860
Copy number variations (CNVs)

alteration mechanism, 262
array-CGH, 262
definition, 262
FISH, 262, 264
mechanisms, 262, 263
non-syndromic, 262, 265–266
SNPs, 262
variation, 262

Cor pulmonale, 402, 409
Coronarogenesis, 20
Coronary artery disease (CAD), 92, 218, 816
Coronary sinus (CS), 34
Coronary vascular remodelling, 125
Coumel type tachycardia, 424
Coupled 1D flow-poroelastic perfusion model, 52
CRE modulator (CREM), 79
CRS type 2 (CRS2), 241
CRT with defibrillation function (CRT-D), 348
Cyanogenic congenital malformation, 703
Cyanosis, 526
Cyclophilin D, 66
Cytokines, 112–114

D
Damage-associated molecular patterns (DAMP), 117
Dasatinib, 465
D-Dimer, 432
De Vega purse string repair technique, 323
Deep vein thrombosis, 726, 728
Deletion 8p syndrome, 260
Demyocardialization, 16
Dermatomyositis (DM), 451
Desmosomes, 67
DeVega annuloplasty, 737
DeVega suture annuloplasty technique, 829
Diacylglycerol (DAG), 76
Diads, 70
Diastolic dysfunction, 188
Diastolic function, RV, 169

Diastolic murmurs, 525
Diastolic mutuality, 233
Diastolic pulmonic regurgitation murmur, 525
Dickkopf1 (Dkk1), 58
DiGeorge syndrome, 80, 261, 264
Digital Imaging and Communications in Medicine 

(DICOM) format, 642
Digoxin, 300
Dihydropyridine receptors (DHPR), 71
Dilatation, 191
Dilated cardiomyopathy (DCM)

ACEI, 367
with chronic heart failure, 367
clinical presentation, 366
definition, 364
diagnostic approach, 367
management modalities, 367
pathological findings, 366
primary, 364

aetiology, 364
ARVC, 365
autosomal dominant transmission, 364
inflammatory cardiomyopathy, 365
TIC, 365
TTN, 364, 365
Wnt pathway, 365

prognostic factor, 367
reversed remodelling, 367
secondary, 364, 365

Displacement-Encoded imaging (DENSE), 616
Diuretics, 300, 479
Doppler echocardiography, 703
Doppler index, 277
Doppler ultrasound, 682, 685, 689, 690
Down syndrome, 261
Doxycycline-inducible excisable piggyBac transposon 

system, 61
Drug therapy

beraprost, 301
calcium channel blockers, 300
endothelin receptor antagonists, 301
epoprostenol, 301
iloprost, 301
PDE5 inhibitors, 302
prostanoids, 300
selexipag, 301
soluble guanylate cyclase stimulators, 302
treprostinil, 301

D-transposition, 220
Dual-chamber atrioventricular (AV) pacing, 332
Dyspnea, 500, 504, 506, 519
Dyssynchronous heart failure (DHF), 127

E
Ebstein’s anomaly, 219, 278, 320, 327, 423
Eccentric hypertrophy, 189
Eccentricity index, left ventricle, 566
Echocardiography, 158, 159

acute right heart failure, 221
RV dysfunction, 171–173
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Edwards syndrome, 261
Eisenmenger’s syndrome (ES), 125, 187, 209, 219, 275, 

305, 767
Ejection fraction (EF), 168, 246
Elastance (E), 152, 183
Electrical anisotropy, 125
Electrical cardioversion, 224
Electrical remodelling, 92, 124, 125
Electroanatomical mapping, 162
Electrocardiogram (ECG)

acute right heart failure, 220
ARVD, 537
biventricular hypertrophy, 533
chronic obstructive pulmonary disease, 537, 538
pulmonary embolism, 533, 535, 536
right atrial abnormalities, 528–530
right ventricular hypertrophy, 530, 532
right ventricular strain, 533
RV MI, 534, 535

Embolism, 490
Embolization

arterio-venous fistulas, 710
cardiac malformations, 711
categories, 711
pulmonary arterio-venous fistulas, 712
shunt volume, 711
tetralogy, 711

Embryoid bodies (EB), 60
Embryonic stem cells (ESCs), 127
Emerging stem cell therapy, 176
Emphysema, 405
End-diastolic pressure-volume relationships (EDPVR), 149
Endocardial jelly, 16
Endocardially-derived mesenchymal cells (ENDCs), 12
Endoplasmic reticulum (ER) stress, 100
Endothelial apoptosis, 398
Endothelial cell–mesenchymal transition (EMT), 239
Endothelial dysfunction, 396, 398–400, 462, 658, 659
Endothelial progenitor cells (EPC), 176
Endothelin A (ET-A) receptor, 75
Endothelin receptor antagonists

ambrisentan, 302
bosentan, 302
endothelin-1, 301
macitentan, 302

Endothelin-1 (ET-1), 301, 397, 399
Endothelins (ET), 112
End-stage liver disease (ESLD) patients, 870
End-systolic pressure-volume relationship (ESPVR), 

149, 150
Energy metabolism, 121–123
Epicardial-derived cells (EPDCs), 12, 14
Epoprostenol, 301
E-selectin, 399
Estimated glomerular filtration rate (eGFR), 692
Euroscore model, 847
Eustachain ridge (ER), 31
Eustachian valve (EV), 31
Exercise stress testing, 221, 222
Exercise-induced cardiomyopathy, 158
Extracellular matrix (ECM), 75, 76, 92, 97–99
Extracorporeal circulation, 851

Extramedullary plasmacytoma (EMP), 458
Extrapleural pneumonectomy (EPP), 888, 889
Extravascular lung water (EVLW), 687

F
Factor Xa inhibitor, 432
Fallot tetralogy, 262, 277, 278
Fibrillary actin filaments, 69
Fibroblast growth factors (FGF), 59
Fibroma, 495, 496
Fibrosis, 64, 108–110, 112

cardiac remodelling, 106–108
miRNAs, 108–110, 112

regulatory molecular mechanisms and pathways, 75–79
Fibrotic process, 248
Fick principle, 637
First heart field (FHF), 4, 6
Fluid overload, 690–691
Fluorescence in situ hybridization (FISH), 260, 262
Foetal gene pattern, 93
Fondaparinux, 432
Formaldehyde-assisted isolation of regulatory elements 

and sequencing (FAIRE-seq), 63
Fossa ovalis (FO), 33, 34
Fractional area change (FAC), 172
Frank Starling’s law, 168, 252
Frank-Starling mechanism, 149, 152, 185, 205, 429
Functional renal insufficiency, 759
Functional tricuspid regurgitation

after mitral valve surgery, 734
annuloplasty techniques, 324
atrial fibrillation, 733, 734
clover technique, 324
concomitant correction, 734
De Vega Purse String Repair, 323
description, 733
dilated atrium, 734
dilated tricuspid annulus, 734
indications, 739
in-situ, 739
leaflet malcoaptation, 734
leaflet morphology, 733
long-term survival, 734
mitral valve disease, 734
pericardial patch augmentation, 324, 326
pulmonary hypertension, 733, 734
quality of life, 734
RA minor dimension, 733
right atriotomy, 735
severity of, 733
surgical correction, 734
suture bicuspidization technique, 324, 325
suture placement, 738
tricuspid valve leaflet malcoaptation, 733
tricuspid valve replacement, 326

G
Gap junctions, 67
GATA4, 110
Gene mutations, 260
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Gene regulatory networks, 58, 61, 64, 65
Gerbode defect, 316
Gianturco coil, 716
Glandular myxoma, 493
Gorlin syndrome, 495
G-protein coupled receptor agonists, 114
Graft-derived cell-free DNA testing, 782
Graham Steell murmur, 526
Granulocytic sarcoma, see Chloroma
Growth factors, 114

H
Haemodynamics, 901
Heart allocation system, 769
Heart and lung en-block implantation, 781
Heart block, 750
Heart embryology, 19–21

aortic and pulmonary valves formation, 18
atrial and ventricular genesis, 9, 14, 15
atrial septation, 9, 10
atrioventricular valves, 12, 14
AVC, 11, 12, 14, 15
cardiac conduction system, 21, 22
cardiac outflow formation, 16, 17
cardiac vascular genesis

aortic arches, 21
coronary arteries, 19, 20
sinus venous, 21

heart fields, 4, 6, 7
linear heart tube, 7
looped heart tube, 8
mitral valve, 15, 16
outflow separation, 17
tricuspid valve, 16
ventricles separation, 10, 11
ventriculoarterial junctions, 18, 19

Heart failure (HF)
coronary artery and valvular pathologies, 808
preserved ejection fraction, 573
regulatory molecular mechanisms and pathways, 75–79

Heart fields, 4, 6, 7
Heart organizer, 61
Heart rate, 150
Heart transplantation (HTx), 808

criteria, 763–764
for curative treatment, 790
lung, 756
mechanisms for RHF after LVAD implantation, 765
rejection, 783
risk factors, 765
RV dysfunction, 175, 176

Helical ventricular myocardial band model, 230
Hemangiomas, 494, 495
Hematoxylin, 505
Hemochromatosis, 870
Hemodynamic effects, 337
Hemodynamic load, 119
Hemolysis, 722
Hensen’s node, 61
Hepatic cytolysis, 250
Hepatic diseases

cirrhotic cardiomyopathy
cardiac abnormalities, 477
cause of death, 477
definition, 478
diagnostic criteria, 477
diastolic dysfunction, 478
electrical abnormality, 478
imaging method, 478
prevalence, 477
screening, 477
supportive criteria, 477
systolic dysfunction, 478
treatment, 479

HCC, 485
hepatitis C virus, 485
HPS

bacterial endotoxins, 480
bacterial lipopolysaccharides translocation, 480
clinical features, 481
definitive treatment, 484
diagnostic criteria, 481, 483
dyspnea, 483
finger clubbing, 483
hyperdynamic circulation, 479
intrapulmonary arteriovenous shunts, 483
oxygen (O2) diffusion limitation, 483
pathophysiologic changes, 480
pathophysiology, 481
portosysthemic shunts, 480
prevalence, 481
pulmonary vasodilatation, 483
pulmonary vasodilation, 484
severity, 481, 484
symptoms, 481
treatment, 481
ventilation-perfusion mismatch, 483

PBC, 485
PoPH

bacterial endotoxins, 480
bacterial lipopolysaccharides translocation, 480
BB therapy, 483
case analysis, 480–482
clinical features, 481
diagnostic criteria, 481
hyperdynamic circulation, 479
pathophysiologic changes, 480
pathophysiology, 481
portosysthemic shunts, 480
prevalence, 481
severity, 481
specific drugs, 482
supportive medical therapy, 483
symptoms, 481
treatment, 481

portal hypertension
blood flow, 477
circulatory volume, 477
liver cirrhosis, 475
mechanisms, 476
non-cirrhotic pathologies, 475
portal resistance, 476
schistosomiasis, 475
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Hepatic dysfunction, 824
Hepatic failure, 759
Hepatic interrogation, 661
Hepatic ischemia, 250
Hepatic venous flow, 682
Hepatic venous hypertension, 250
Hepatitis C virus (HCV), 485
Hepatocellular carcinoma (HCC), 485
Hepatocellular necrosis and dysfunction, 759
Hepatojugular reflux, 220, 522
Hepatomegaly, 468
Hepatopulmonary syndrome (HPS)

arteriolar resistance, 872
bacterial endotoxins, 480
bacterial lipopolysaccharides translocation, 480
classification, 873
clinical features, 481
clinical manifestations, 873
definitive treatment, 484
description, 872
diagnostic criteria, 481
diagnosis, 483, 873
dyspnea, 483
finger clubbing, 483
hyperdynamic circulation, 479
hypoxemic respiratory failure, 874
intraoperative management, 874, 875
intrapulmonary arteriovenous shunts, 483
liver impairment, 872
medical treatment, 872
mortality, 874
oxygen (O2) diffusion limitation, 483
pathophysiologic changes, 480
pathophysiology, 481, 873
patients, at rest, 872
portosysthemic shunts, 480
post transplant evolution, 874, 875
pretransplant assessment, 872–874
prevalence, 481, 872
pulmonary vascular endothelium, 872
pulmonary vascular shunts, 872
pulmonary vasodilatation, 483
pulmonary vasodilation, 484
reversibility of, 875
screening tests, 873
severe post-transplant hypoxemia, 874, 875
severity, 481, 484
staging, 873
symptoms, 481
treatment, 481
vasoconstriction, 873
ventilation-perfusion mismatch, 483

HF with preserved ejection fraction (HFpEF), 371–372
HF with reduced ejection fraction (HFrEF), 371
High heart expression (HHE) gene, 268
High-resolution array-comparative genomic 

hybridization (array-CGH), 262
High-resolution computed tomography, 295, 297
Hodgkin lymphoma, 456
Holt-Oram syndrome, 80

Hormonal autoregulation, 679–680
Hybrid annuloplasty ring, 736
Hydrothorax, 524
Hyperacute rejection, 783
Hyperbilirubinemia, 241
Hypercloremic acidosis, 861
Hyperglycemia, 861
Hyperkalemia, 860
Hypertrophic cardiomyopathy (HCM)

diagnosis, 438
mechanisms, 436–437
morphologic aspects, 436
prevalence, 436, 437
regulatory molecular mechanisms and pathways in, 

75–79
signs and symptoms, 437–438
treatment, 438

Hypoalbuminemia, 241
Hypoglycemia, 861
Hypovolemia, 857
Hypoxia-inducible factor 1α (HIF1α), 99, 206
Hypoxic induced pulmonary vasoconstriction (HPV)

acute hypoxia, 394, 395
beneficial effect, 398
clinical practice, 398
disease diversity, 398
factors, 394
hemodynamic feature, 394
long-term oxygen therapy, 398
membrane depolarization, 395
moderate sustained hypoxia, 395
modulation

alpha-1 adrenergic stimulation, 397
balance vascular tone, 397
endothelium, 395–397
epigenetic modulation, 395–396
intrinsic and extrinsic mechanisms, 395
neuromodulatory effect, 397

oxygen-sensing mechanism, 394
PASMC, 394
pathophysiology, 394–395
physiological process, 394
pressure-independent hypoxia-sensitive inflammatory, 

394
proliferative pathways, 394
pulmonary vasculature, 394
respiratory disease, 398

I
Iatrogenic tricuspid regurgitation, 327
Idiopathic pulmonary hypertension, 209
Iloprost, 301
Impaired renal function, 241
Impella RP, 865
Implantable cardioverter-defibrillator (ICD), see Cardiac 

implantable electronic devices
Induced cardiac-like myocytes (iCLMs), 126, 127
Induced pluripotent stem cells (iPSC), 60
Infectious lung disease, 882
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Infectious myocarditis, 365
Infective diseases, 870
Infective endocarditis (IE), 321, 327, 465–467

of tricuspid valve (see Tricuspid valve endocarditis)
Inferior cushion (IC), 11
Inferior leaflet, 37
Inferior vena cava (IVC), 34, 681
Inflammasomes, 118
Inflammation, 365
Inflammatory cardiomyopathy, 365
Inflammatory lung disease, 882
Inflammatory myofibroblastic tumor, 501
Infundibulum, 16
Inhaled aerosolized vasodilators, 673
Inhaled nitric oxide (iNO), 223
Inhaled vasodilators, 670

acetylcholine and bradykinin pathways, 665
additive/synergistic effect, 659
combination therapy, 659
combined drugs, 667, 669, 670, 672
cyclic adenosine monophosphate levels, 660
efficacy, 673
endothelin, 659
epoprostenol, 659, 664
furosemide, 663
hemodynamic effects, 666
hemodynamic parameters, 665
hemodynamic profile, 673
hemodynamic waveforms, 662
inhalation of drugs, 658
inhaled epoprostenol, 664, 666
inhaled milrinone, 659, 664, 666, 668, 669
mechanisms of action, 659
mechanistic pathways, 659
monotherapy with PH medications, 661
mortality, 673
and neurological effect, 661
NO, 659
patients with PH, 658
PDE inhibitors, 659, 660
perioperative management, 658
PGI2, 659
portal and splenic vein, 661, 662
portal vein flow, 663
pulmonary vascular tone, 659
pulmonary vasoconstriction, 659
pulmonary vasodilator response, 659
side effects, 661
synergistic effect, 660
vascular remodelling, 659
vasodilatory hemodynamic response, 660

Innate immune pathways, 117
Insulin-like growth factor 1 (IGF-1), 108
Intensive care setting, 210, 211
Interagency registry of mechanically assisted circulatory 

support (INTERMACS), 790, 810, 819
Intercellular adhesion molecule-1 (ICAM-1), 113, 399
Intermediate tumors

inflammatory myofibroblastic tumor, 501
paraganglioma, 499–501

Internal cardiac defibrillator (ICD), 277
Internal jugular vein (IJV), 682, 683
International Cooperative Pulmonary Embolism Registry 

study (ICOPER), 728
International Pediatric and Congenital Cardiac Code 

(IPCCC), 698
Interstitial heart disease, 75
Interstitial lung disease (ILD), 393, 401, 404
Interventional cardiology, 710–719

angioplasty, 704–707
ASD (see Atrial septal defect)
closure systems (see Patent ductus arteriosus)
congenital heart defects, 697
congenital malformations, 697
embolization (see Embolization)

Interventional procedures, 697, 707, 708, 710, 716
Interventricular coupling mechanism, 246, 252
Interventricular septum (IVS), 26, 40, 146, 147, 168, 

180, 228, 812, 828
Intra aortic Balloon Counter pulsation (IABP), 864
Intracardiac obstruction, 490
Intracorporeal t-MCS devices

Impella RP, 801
PERKAT, 801

Intra-cranial pressure (ICP), 688
Intrapulmonary vasodilatation, 873
Intrathoracic organ transplantation

cyclosporine A, 756
donor evaluation and management, 771

age, 771
cardiac arrest, 771
cardiothoracic criteria, 771
coronary angiography, 771
crystalloid fluid boluses, 772
direct visualization and manual examination, 771
echocardiography, 771
hypotension, 771
intraoperative evaluation, 771
intravascular volume replacements, 772
medical management, 771, 772
positive end-expiratory pressures, 772
pulmonary function tests, 771

donor heart procurement, 772, 775
donor lung procurement, 775
history, 756
immunosuppression

acute cellular and antibody-mediated rejection, 
782

antilymphocyte antibodies, 782
antiproliferative agent, 781
calcineurin inhibitors, 781
cardiac allograft vasculopathy, 782
cardiac magnetic resonance imaging, 782
corticosteroids, 781
cytoimmunologic monitarization, 782
echocardiography, 782
endomyocardial biopsy, 782
induction therapy, 781
interleukin-2 antagonists, 781
metabolic and cardiovascular side effects, 781
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Intrathoracic organ transplantation (cont.)
mTOR agent, 781
noninvasive diagnostic tests, 782
protocol, 782

indications, 760, 761
management, 770
median long-term survival rates, 757
multiorgan procurement, 772, 775
orthotopic HTx (see Orthotopic intrathoracic organ 

transplantation)
postoperative complications, 782–784
recipient evaluation

active malignancies, 761
advanced aging, 761
anatomical abnormalities, 765
chronic obstructive pulmonary disease, 766
circulatory support, 761
circulatory support using LVAD, 764
clinical diagnosis, 758–760
early-onset post-LVAD RVF, 764
end-stage cardiopulmonary failure, 761
etiologic-based pathologies, 762
exercise capacity, 766
extreme obesity, 761
failed Fontan circulation procedure, 764
idiopathic pulmonary fibrosis, 766
interventricular septum, 764
late post-LVAD RVF, 764
non-thoracic organ dysfunctions, 761
overload of right heart, 767
pathophysiology, 767
patient’s hemodynamics, 762
patient’s quality of life, 758
preoperative criteria, 765
preoperative diagnostic parameters, 761
preoperative pulmonary rehabilitation with 

anti-PHT medication, 766
right ventricular preload, 764
risk-to-benefit ratio, 765
scientific strategy, 760
septal displacement, 764
sufficient medical treatment, 761
surgical curative repair, 765
systolic pulmonary artery pressure, 761
thoracic abnormalities anatomy, 765
thoracic wall deformity, 766
uncontrolled diabetes mellitus, 761

right heart hemodynamic parameters, 762
risk factors, 757
transplant activity and survival, 756–758
transvenous endomyocardial biopsy, 756
waiting list patients, 770

allocation system, 767
biochemical values deterioration, 761
clinical trials, 768
graft patency, 768
intravenous treatment, 768
organ allocation algorithm, 767

preoperative condition, 770
respiratory insufficiency, 761
septic condition, 761
veno–arterial ECMO, 767
with cardiogenic shock, 761

Intratracheal milrinone, 670, 672
Intravenous drug abuser endocarditis, 744,  

745, 750
Iron deficiency, 300
Irreversible cardiac injury, 852
Ischaemic heart disease, 883
Ischemia-reperfusion injury, 852
Ischemic cardiomyopathy, 574
Isovolumic acceleration (IVA), 172
Iterative reconstruction algorithms, 606

J
Jackson coil, 718
Jaundice, 526
Jugular venous pressure (JVP), 171

K
Klinefelter syndrome, 261
Kussmaul sign, 171

L
Laplace’s law, 237
Lateral plate endoderm (LPE), 59
Lateral plate mesoderm (LPM), 59
Leaflet augmentation, 737
Left and right ventricular dysfunction (LVEF), 692
Left heart failure (LHF), 789

circulatory decompensation, 808
diagnosis, 790
end-stage HF, 808
LVAD implantation, 808
treatment, 790

Left pneumonectomy, 885, 895
Left ventricle (LV)

molecular response, 97
shape, 273

Left ventricular assist device (LVAD)
bridging therapy, 809
cardiogenic shock, 808
clinical use, 808
complications, 809, 810
continuity therapy, 809
effects of, 814
implantation timing, 808
indications and timing-criteria, 809
inotropic treatment, 808
patient management, 824–825
patient selection, 808
preparatory therapy, 809
salvage therapy, 809
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supportive therapy, 809
types, 790

Left ventricular ejection fraction (LVEF), 573, 759
Leiomyosarcoma, 504, 505
Leukemic infiltration (chloroma), 456
Leukocytosis, 113
Levosimendan, 224
Libman–Sacks endocarditis, 744
Linear heart tube, 7, 8
Lipoma, 498
Lipomatous hypertrophy, 35
Liposarcomas, 506
Liver cirrhosis, 475
Liver fibrosis, 250
Liver illnesses, 869
Liver transplantation, 479, 872, 875

CCM (see Cirrhotic cardiomyopathy)
hemodynamic instability, 871
HPS (see Hepatopulmonary syndrome)
intraoperative monitoring, 871
POPH (see Portopulmonary hypertension)
pulmonary edema, 871
reperfusion phase, 871
RV assessment, 872

Lobectomy, 887
Looped heart tube, 8
Low cardiac output syndrome (LCOS), 759
Low-molecular-weight heparin (LMWH), 432
Lung transplantation (LTx), 303

acceptance criteria, 766
initiation, 756
isolated RHF, treatment modality, 765

Lung vascular bed, 393
Lung-chest wall coupling, 889
LV assist devices (LVADs), 127, 128
LV coronary blood, 183
Lymphoma, 507, 508
Lymphoproliferative disorders, 784

M
M line, 69
Macitentan, 302
Macroglossia, 468
MADIT-CRT trial, 355
Magnetic resonance imaging (MRI)

acute right heart failure, 221
advantages, 613
black blood sequences, 617
cine sequences, 615, 616
decay of longitudinal magnetization, 614
disadvantages, 614
dynamic first pass perfusion imaging, 617
4D flow, 617
gadolinium-based contrast, 618
gradient echo sequence, 615
Larmor frequency, 614
magnetic gradients, 614

morphological evaluation, 613
multi-echo gradient echo imaging, 618
protocols, 619
real time cine imaging, 615
relaxation curve, 615
right heart pathologies

angiosarcoma, 623
cardiac masses, 623
cardiomyopathies, 620, 621
congenital heart disease, 619, 620
Ebstein anomaly, 620
evaluation, 613
fibroelastoma, 623
hemangioma, 623
hypertrophic cardiomyopathy, 620
paraganglioma, 623
protocols, 619
pulmonary hypertension, 622
tricuspid atresia, 620
valvular disorders, 621
valvular heart disease, 621
ventricular septal defect, 619

sequences, 614, 616
spin-lattice relaxation, 614
strain, 615, 616
3d ultrafast gradient echo, 618
3d whole heart SSFP, 615
T1 mapping, 618
T2 mapping, 618
velocity encoded phase contrast imaging, 617
ventricular parameters, 615

Magnetic resonance spectroscopic imaging (MRSI), 121, 
122

Mahaim fibers, 424
Maladaptive remodelling, 96, 813
Malignant tumors

angiosarcoma, 501, 502
leiomyosarcoma, 504, 505
liposarcoma, 506
myxofibrosarcoma, 503, 504
osteosarcoma, 507, 508
rhabdomyosarcoma, 506, 507
synovial sarcoma, 505, 506
undifferentiated pleomorphic sarcoma, 502, 503

Marantic endocaditis, 466
Masson’s trichrome stain, 41
Matricellular proteins, 98–100, 103
Matrix metalloproteinases (MMPs), 103, 107
McConnell’s sign, 384
Mean pulmonary arterial pressure (MPAP), 174
Mechanical circulatory support (MCS) devices, 808
Mediastinal bleeding, 856
Mesenchymal stem cells (MSC), 66, 176
Mesp-1, 5
Metabolic and endocrine homeostasis, 860
Metabolic disturbances, 519
Metabolic remodeling, 123
Metastatic tumors, 489
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Microarray gene chip, 93
MicroRNAs (miRNA/miR), 111, 128

angiogenesis, 64, 66, 67
apoptosis, 64, 66, 67
cardiogenesis, 64, 66, 67
fibrosis, 64, 66, 67, 108, 110, 112

Mitochondria, 67
Mitochondria-derived reactive oxygen species (mROS), 

206
Mitral regurgitation, 378–379, 574
Mixed connective tissue disease (MCTD), 451–452
Moderator band, 38
Modified systemic and pulmonar haemodynamics, 902
Modulation

alpha-1 adrenergic stimulation, 397
balance vascular tone, 397
endothelium

endothelial dysfunction, 396
endothelin-1, 397
nitric oxide, 396
PGI2, 396
pulmonary vascular tone, 396
serotonin, 397
thromboxane A2, 397

epigenetic
genetic studies, 395
hetero- or homozygous mutations, 395
heterozygous deficiency, 395
HIF-α subunits, 395
oxygen-sensing mechanism, 395
risk factors, 396
Tibetan high-altitude adaptation, 396

neuromodulatory effect, 397
Monocrotaline, 81
Mtrinsic myocardial disease, 239, 240
Multifocal atrial tachycardia, 519
Multiple myeloma, 456, 458
Multiple organ failure (MOF), 861
Muscle fibres, 146, 168
Muscle trabeculae, 146
Myocardial acceleration, 172, 173
Myocardial cross-talk mechanism, 374
Myocardial dysfunction, 210
Myocardial fibrosis, 106, 161, 902
Myocardial hypertrophy, 77
Myocardial hypoperfusion, 813
Myocardial infarction (MI), 91, 117, 119, 194, 219
Myocardial injury, 727, 816, 852
Myocardial ischemia, 617
Myocardial performance index, 566
Myocardial perfusion technique, 447
Myocardial protection, 852
Myocardial recovery, 127
Myocardial velocities, 174
Myocardial wall stress, 206
Myocarditis, 365, 366, 421, 816
Myocardium apoptosis, 16
Myocyte hypertrophy, 237
Myocyte proliferation, 72
Myocytes, 28, 72, 102, 375
MyoFb, 103, 106

Myofibrils, 69, 73
Myosin heavy chains (MCH), 218
Myxofibrosarcoma, 503, 504
Myxoma, 489–493

N
Na+-Ca2+ exchanger (NCX), 124
NADPH oxidase (Nox), 114, 115
Nanog expression, 60
Nationwide Inpatient Sample (NIS), 728
Neoplastic disease, 784
Neural crest cells, 79
Neurohormonal activation, 120
Neurohormonal modulation

autonomic nervous imbalance, 902
cardiac output variation, 902
digoxin, 903
external oxygen administration, 903
heart rate variability, 903
hipersympathetic activity, 903
hypotension and chemoreceptors, 902
norepinephrine activity, 902
norepinephrine concentration, 902
pharmacological molecules, 903
physiopathological implications, 902
plasma troponin T levels, 903
primary pulmonary hypertension, 902
pulmonary and systemic haemodynamical 

mechanism, 901
right ventricular remodalation and failure, 902
spironolactone, 903
sympathetic system stimulation, 902
systemic baroreceptors, 902
vasodilators and spironolactone, 903

Neurohumoral imbalances, 75
Neurologic symptoms, 520
Neuromodulatory effect, 397
Neuron-restrictive silencer factor (NRSF), 77
Neuropathy, 468
Neutrophils, 113, 119
Nicotinamide adenine dinucleotide 3-phosphate, 116
Nocturia, 526
Nodal-Pitx2 axis, 80
Nonbacterial thrombotic endocarditis (NTBE), 466
Non-Hodgkin lymphoma, 456
Nonmyocyte cells, 98
Non-small cell lung cancer (NSCLC), 882
Non-syndromic CHD

chromosome abnormalities, 260
copy number variations, 265–266
gene modification, 268

Notch signaling, 59
NOTCH1, 110
Nox2, 115, 117
Nuclear factor of the activated T cell (NFAT), 76, 77

O
Obliterative bronchiolitis lesions, 783
Obstructive sleep apnea (OSA), 400–401, 405
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Oliguria, 526
Opportunistic infections, 784
Oral anticoagulants, 300, 432
Organ congestion, 680
Orthopnea, 220
Orthotopic intrathoracic organ transplantation

heart implantation, 781
biatrial technique, 776, 779, 780
bicaval technique, 776, 777, 779
en-block, 781
median sternotomy, 776
pericardiotomy, 776

lung implantation, 780, 781
Ortner’s syndrome, 520
Osteosarcoma, 507
Ostium primum defect, 274
Ostium secundum, 274
Outflow separation, 17
Outflow tract (OFT), 5
Oxidative stress, 113–115
Oxygen therapy, 408

P
Pacemaker pocket infection, 842
Pacemakers (PM) implant insertion, see  

Cardiac implantable electronic  
devices (CIED)

Palla sign, 431
Papillary fibroelastoma, 496–498
Papillary muscles, 38
Paraganliomas, 499–501
Parallel synchronously mechanisms, 404
Parsonnet model, 847
Patau syndrome, 261
Patent ductus arteriosus (PDA), 261

complications, 718–719
devices, 716
implantation technique, 717–718
types, 716

Patient-specific 3D printed models, see Three-
dimensional (3D) printing

Pectinate muscles, 28, 29
Pericardial disease, 211
Pericardial effusion, 291, 457, 524
Pericardium, 205, 233, 506
Periorbital ecchymoses, 468
Peripartum cardiomyopathy (PPCM), 365
Peripheral edema, 523
Peripheral monocytosis, 115, 117
Peripheral retrograde stasis

anasarca, 524
ascites, 524
cardiac cirrhosis, 523
congestive hepatomegaly, 523
congestive splenomegaly, 523
hepatojugular reflux, 522
jugular venous distention, 521–522
pericardial effusion, 524
peripheral edema, 523
transudative serous effusions, 524

Peroxisome proliferator-activated receptor-α (PPARα), 
121

PH due to left heart disease (PH-LHD), 308, 309
Phosphodiesterase type-5 (PDE5) inhibitors, 223, 302, 

409
Photometric method, 636
Physiological hypertrophy, 189
Pioneer transcription factors (P-TF), 63
Plasma cell leukemia, 458
Plasma cell neoplasia, 458
Pleural effusion, 524, 687
Pluriomics, 61
Pneumonectomy, 889, 890

benign lesions, 882
with carina resection, 885
causes, 882
chemotherapy/chemoradiotherapy treatments, 885
chest X ray, 895
complications, 885
congenital disorders, in childhood, 882
echocardiographic variables, 895
echocardiography, RV dysfunction (see Right 

ventricular dysfunction)
evolutionary stages, 884
extra- and intra pericardial approach, 885
history, 882
indications, 882
mediastinal lymphadenectomy, 885
morbidity, 885
mortality, 885
oncological indications, 882
patients with central tumours, 885
perioperative risk stratification, 883
physiopathology

heart function alterations, 890
pulmonary vascular system, 890
RV afterload, 890
volume-to-total lung capacity, 889

pleural free cavity, 895
postoperative morbidity and mortality, 882
postoperative risk stratification, 884
preoperative physiologic evaluation, 883
pulmonary hill dissection, 885
right ventricle, morphology and function, 890
thoracic MRI, 896
tracheo-broncho-anastomosis, 885
types of, 885
whole lung resection, 885
postoperative risk stratification, 884

Polymyositis (PM), 451
Poromechanical modeling, 51
Portal hypertension (PoH), 306

blood flow, 477
circulatory volume, 477
liver cirrhosis, 475
mechanisms, 476
non-cirrhotic pathologies, 475
portal Resistance, 476
schistosomiasis, 475

Portal vein pulsatility, 661
Portal venous flow (PoVF), 684

Index



924

Portopulmonary hypertension (POPH), 306
anaerobic metabolism, 877
bacterial endotoxins, 480
bacterial lipopolysaccharides translocation, 480
BB therapy, 483
case analysis, 480
cirrhosis with, 877
clinical features, 481
de novo development, 877
definition, 875
diagnosis, 875, 876
diagnostic criteria, 481, 875
hemodynamic monitoring, 876
hyperdynamic circulation, 479
intraoperative issues, 876
liver reperfusion, 877
mean arterial pulmonary pressure, 875
medical treatment, 876
pathophysiologic changes, 480
pathophysiology, 481, 875
perioperative mortality, 876
portosysthemic shunts, 480
post-transplant evolution, 877
pretransplant assessment, 875, 876
prevalence, 481
pulmonary artery catheter, 876
pulmonary capillary wedge pressure, 875
pulmonary vascular resistance, 875
right heart catheterization, 876
right ventricular systolic pressure, 876
screening, 876
severity, 481
supportive medical therapy, 483
specific drugs, 482
symptoms, 481
systolic pulmonary artery pressure, 876
transesophageal echocardiography, 877
transpulmonary gradient, 875
transthoracic Doppler echocardiography, 876
treatment, 481

Positive acute vasodilator response, 297
Positive end expiratory pressure (PEEP), 682
Post myocardial infarction status, 573
Postacyclins, 409
Posterior descending artery (PDA), 147
Post-LVAD RVF

adrenaline, 829
afterload elevation, 816, 817
angiotensin receptor neprilysin inhibitors, 831
aortic valve opening ratio, 830
arterial pressure and LVAD flow, 830
biochemical markers

adrenomedullin, 823
age-stratified cutoff levels, 822
atrial natriuretic peptide, 822
brain natriuretic peptide, 822
cardiac troponins, 823
cytokines, 823
device-related complications, 824
effective glomerular filtration rate, 823
hemodynamic stability, 824

hypoalbuminemia, 824
maneuvers and techniques, 824
mechanical supportive therapy, 824
mid-regional zone prohormone ANP, 822
molecular targeted therapies, 822
natriuretic peptides, 822
N-terminale prohormone BNP, 822
pathophysiological processes, 822
postoperative morbidity and mortality, 824
treatment modalities, 824

biochemical predictors, 822–823
bleeding control, 829
clinical conditions, 826
complex pathology of, 815
concomitant tricuspid surgery, 829
contractile assistance, 827
contractile functions, 816
contractility impairment, 816
CPB effect, 816
CPB weaning, 827
cytokine levels, 817
definitions, 810
determinants, 815
device flow, 830
devices and management strategies, 817
diagnosis, 810
diuretic management, 830, 831
dobutamine, 829
echocardiographic measurements, 810
echocardiographic predictors, 820
echocardiography, 819, 820
end-organ damage, 817
end-organ dysfunction, 822
etiology, 814
frequency of, 811
functional deterioration, 810
glomerular filtration rate, 816
hemodynamic changes, 830
hemodynamic fluctuation, 830
hemodynamic measurements, 820
hemodynamic parameters, 810
hemodynamic predictors, 821
indications, 814
inflammatory markers, 823
inotropic and pulmonary vasodilator support, 829
inotropic requirement, 811
inotropic support, 830
INTERMACS level, 811
intraoperative management, 826, 827
intraoperative/postoperative periods, 810
intrinsic myocardial reserve, 816
irreversible pathologies, 813
left heart collapse, 816
left ventricular damage, 820
leftward septal shift, 816
medical and surgical therapies, 811
milrinone, 829, 830
mitral regurgitation, 813
mitral valve apparatus, 816
mortality, 817
multifactorial predictors, 817
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myocardial breakdown, 816
myofibril derangement, 816
natriuretic peptide system, 831
noradrenaline, 829
optimization of volume status, 826
oral sildenafil, 830
pathological process, 816
pathophysiology, 812
patient selection, 817
peripheral vasodilatation, 830
pharmacological agents, 829
postoperative afterload reduction, 830
postoperative management, 811
postoperative mortality and morbidity, 810
posttransplant survival reduction, 817
pre-existing PVR elevation, 821
preload increment, 814
preoperative clinical condition, 817, 819
preoperative clinical predictors, 819
preoperative INTERMACS scores, 826
preoperative risk evaluation, 817
preoperative risk scores, 811
pulmonary afterload, 816
pulmonary vasoconstriction, 830
renal dysfunction, 816
renal insufficiency, 816
renin–angiotensin–aldosterone system, 831
right ventricular contractile function, 816
right ventricular contractility, 826
right ventricular functions, 817
risk scores, 817, 818
septal contractions, 827
severity of, 811
structural deterioration, 810
subvalvular septal malposition, 816
surgical exploration, 829
systemic perfusion, 830
systemic tissue hypoperfusion, 817
systemic tissue perfusion, 815
systolic functions, 816
therapeutic efficacy, 826
treatment methods, 817
tricuspid repair, 828
tricuspid valve replacement, 829
vasopressor combinations, 830
venous-side hemodynamic dysfunctions, 817
ventricular contractility, 830
ventricular malign arrhythmias, 816

Postoperative rewarming method, 855
Pressure-loaded RV, 279–281

morphological systemic RV
complete TGA, 280, 281
congenitally corrected TGA, 279, 280

pulmonary stenosis, 278
Primary atrial septum, 9
Primary biliary cirrhosis (PBC), 485
Primary cardiac lymphoma (PCL)

arrhythmia, 459
chemotherapy, 460
imaging techniques, 460
immunocompetent hosts, 459

incidence, 459
laboratory findings, 459
location, 459
macroscopic and microscopic examination, 460
origin, 459
patient age, 459
pericardial effusion, 459
poor prognosis, 461
radiation therapy, 460
right-sided heart failure, 459
survival rate, 461

Primary cardiac tumors
benign tumors

fibroma, 495, 496
hemangiomas, 494, 495
lipoma, 498
myxoma, 490–493
papillary fibroelastoma, 496–498
rhabdomyomas, 493, 494
schwannoma, 499

histologic classification, 489, 490
intermediate tumors

inflammatory myofibroblastic tumor, 501
paraganglioma, 499–501

malignant tumors
angiosarcoma, 501, 502
leiomyosarcoma, 504, 505
liposarcoma, 506
myxofibrosarcoma, 503, 504
osteosarcoma, 507, 508
rhabdomyosarcoma, 506, 507
synovial sarcoma, 505, 506
undifferentiated pleomorphic sarcoma, 502, 503

Primary tricuspid valve regurgitation
carcinoid heart disease, 327
cleft tricuspid valve, 327
Ebstein’s anomaly, 327
iatrogenic, 327
infective endocarditis, 327
rheumatic valve disease, 326

Primordial genes, 4
Programmed cardiomyocyte death, 105
Prophylactic therapy, 176
PROSPECT trial, 355
Prostacyclin (PGI2), 396
Prostanoids, 300
Protein losing enteropathy, 526
Proteinuria, 468
P-selectin, 399
Pulmonary angioplasty

complications, 706–707
congenital heart diseases, 704
distal pulmonary artery, 704
peripheral branches, 704
stenosis, 705
systolic pressure, 705
techniques, 705–706
treatment, 705

Pulmonary arterial capacitance index (PACi), 821
Pulmonary arterial end-diastolic pressure  

(PEDP), 564
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Pulmonary arterial hypertension (PAH)
abnormal proteolysis, 289
anorexigens, 304
arrhythmia, 425
BMPR2 mutation, 287, 288
with CHD, 304–305
combination therapy, 303
with CTD, 305–306
CTEPH, 310–311
dasatinib, 304
diagnosis

abdominal ultrasound, 297
acute pulmonary vasoreactivity testing, 297
arterial blood gases, 296
blood tests, 296
cardiac magnetic resonance imaging, 295
chest radiograph, 291
electrocardiogram, 290
functional assessment, 297
genetic testing and counseling, 298
high-resolution computed tomography,  

295, 297
immunology studies, 296
overnight oximetry, 297
physical examination, 290
pulmonary angiography, 295
pulmonary function tests, 296
right heart catheterization, 297
symptoms, 289, 290
transthoracic echocardiography, 291–296
ventilation/perfusion lung scan, 294, 296

distal pulmonary arteries, 288
drug therapy

beraprost, 301
calcium channel blockers, 300
endothelin receptor antagonists, 301–302
epoprostenol, 301
iloprost, 301
PDE5 inhibitors, 302
prostanoids, 300
selexipag, 301
soluble guanylate cyclase stimulators, 302
treprostinil, 301

endothelial dysfunction, 289
excessive pulmonary vasoconstriction, 289
general measures

aerobic exercise, 299
education, 299
epidural anaesthesia, 300
low sodium diet, 299
routine immunizations, 299
supplemental O2during prolonged flights, 299

heritable, 287, 304
with HIV infection, 306
hypoxemia, 310
idiopathic, 287, 304
incidence, 287
with interstitial lung involvement, 443
interventional procedures, 303

lung diseases, 309
lung transplantation, 303
mechanisms, 443
pathobiology, 289
pathologic features, 288
PCH, 307, 308
PH-LHD, 308, 309
with portal hypertension, 306
prevalence, 287
prognostic value, 298
pulmonary vascular remodeling, 289
PVOD, 307, 308
right ventricle, 289
risk assessment, 298, 299
risk factors, 288
in SSc, 445
supportive therapy

digoxin, 300
diuretics, 300
iron deficiency, 300
oral anticoagulants, 300
oxygen supplementation, 300

ventriculo-arterial coupling, 289
ventriculo-arterial uncoupling, 289

Pulmonary arteriography, 432
Pulmonary artery hypertension (PAH), 175
Pulmonary artery pressure (PAP), 184, 291, 664, 890
Pulmonary artery pulsatility index (PAPi), 821
Pulmonary artery smooth muscle cell (PASMC), 394
Pulmonary artery stenosis, 706
Pulmonary artery systolic pressure (PASP), 233, 890
Pulmonary artery/capillary wedge pressure  

(PAWP), 174
Pulmonary capillary hemangiomatosis (PCH), 288, 307, 

308
Pulmonary capillary wedge pressure (PCWP), 383
Pulmonary congestion, 687
Pulmonary diastolic pressure (PADP), 574
Pulmonary embolectomy, 727, 728, 731
Pulmonary embolism (PE), 204, 209, 384, 520, 533, 535, 

536
anticoagulation therapy, 727
catheter based/surgical therapies, 727
diagnosis, 725, 726
emergency surgery, 729
etiology, 726
extracorporeal circulation, 726
inferior vena cava filters, 727
mortality rates, 725, 728
mortality risk, 727
percutaneous cardiopulmonary support, 727
preoperative conditions, 728
preoperative thrombolysis, 727
prognosis, 728
pulmonary trunk with pericardial patch angioplasty, 

730
risk stratification, 726
surgical pulmonary embolectomy, 727
treatment, 726
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Pulmonary emphysema, 882
Pulmonary endarterectomy, 310
Pulmonary end-to-end anastomosis, 780
Pulmonary fibrosis, 405, 463
Pulmonary hypertension (PH), 92

algorithm, 570
chronic hypoxemia, 392
chronic lung disease

acute exacerbation, 410
adaptive hypertrophy, 402
altered vascular structure, 400
chest radiography, 406
chronic hypoxia, 393
combined pulmonary fibrosis and emphysema, 

401, 405
complications, 409, 410
COPD, 404
echocardiography, 406, 407
epigenetic mechanisms, 403
hypothesis, 403
inflammation, 403
integrins and focal adhesion complexes, 402
interstitial lung disease, 401, 404
invasive hemodynamic measurements, 408
isovolumetric acceleration and tricuspid annular 

systolic velocity, 407
lung vascular bed, 393
mechanism, 393
multidetector computer tomography scanning, 

406
obstructive sleep apnea, 400–401
parallel synchronously mechanisms, 404
pathobiology, 403
pathology, 393
physical examination, 406
pulmonary functional testing, 406
pulmonary vascular endothelium, 394
serological testing, 406
sleep-disordered breathing, 405
therapy, 408, 409

clinical classification, 286
definition, 286
functional classification, 286, 287
haemodynamic classification, 287
HF, 372
primary, 286
secondary, 286
treatment, 561
two dimensional echocardiography

Bernoulli equation, 564
PEDP, 564
qualitative right ventricular assessment, 563
right atrial pressure, 563
right ventricular systolic pressure, 563

Pulmonary hypertension (PHTN), 205, 206
Pulmonary metastatic disease, 882
Pulmonary microvascular disease, 311
Pulmonary regurgitation (PR), 277–278, 553, 555
Pulmonary resection surgery, 882

Pulmonary system, 901
Pulmonary thromboembolism (PTE)

anticoagulation, 432
antithrombinics, 433
definition, 429
D-Dimer, 432
differential diagnosis, 432
duplex scan of LL, 432
embolectomy, 433
general measures, 432
imaging, 431
incidence, 429
low/medium likelihood, 432
oral anticoagulants, 432
pulmonary arteriography, 432
rare/specific, 431
respiratory failure, 430
risk factors, 430
signs and symptoms, 431
thrombolytics, 433
treatment, 432
two levels DVT wells score, 431
vena cava filters, 433
ventilation/Infusion scintigraphy, 432
Virchow’s triad, 429

Pulmonary trunk, 40
Pulmonary valve, 707–708
Pulmonary valve atresia, 707
Pulmonary valve stenosis, 553, 554
Pulmonary valves formation, 18
Pulmonary valvuloplasty

cyanogenic congenital diseases, 699, 700
definition, 698
diagnostic catheterization, 700
indications, 699
pulmonary stenoses, 699
right-left shunt, 699
stenosis, 700
technique, 699, 701–704
transvalvular pressure gradient, 699

Pulmonary vascular compliance, 237
Pulmonary vascular endothelium, 394
Pulmonary vascular remodeling process, 289, 310
Pulmonary vascular resistance (PVR), 174, 223, 228, 

790, 808–810, 814, 816, 821, 824, 826, 829, 
830, 890

Pulmonary vasoconstriction, 289
Pulmonary vasodilators, 223, 829
Pulmonary veno-occlusive disease (PVOD), 288, 307, 

308
Pulmonic stenosis, 700
Pulsatile dual ventricular assist devices, 802
Pulsatility fraction (PF), 683
Purkinje fibers, 41, 42

R
Radial strain, 568
Radiation pneumonitis, 463, 464
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Radiation therapy (RT)
cardiac metastases, 458
cardiotoxity

atherosclerosis promoting factors, 462
AV block, 463
biomarkers, 463
cardiac tissue damage and replace, 461
cardiovascular side effects, 461
cause of death, 461, 463
chronic/acute RICAD, 462
complications, 461
conduction system, 463
constrictive pericarditis, 463
drug eluting stents, 463
endothelial dysfunction, 462
endothelial injury, 461, 462
estimation, 461
fibrosis, 462
oxidative stress, 462
pulmonary fibrosis, 463
radiation pneumonitis, 463, 464
risks, 461
traditional modifiable risk factors, 462
valve disease, 463

PCL, 460
Radiation-induced coronary artery disease (RICAD), 462
Radiofrequency treatment, 707
Rales, 526
Refractory cardiac failure, 765
Renal dysfunctions, 859
Renin–angiotensin–aldosterone system (RAAS), 120
Reperfusion syndrome, 872
Repressor element 1 (RE1), 77
Restrictive cardiomyopathy, 468, 470
Resynchronization therapy, 175
Retinoic acid, 59
Retinoic acid receptors (RARs), 59–60
Retinoid X receptors (RXRs), 60
Retrograde cardioplegia delivery, 852
Retrograde stasis, 250
Reverse cardiac remodelling, 126, 367
REVERSE study, 355
Reversible injury, 852
Rhabdomyomas, 493–494
Rhabdomyosarcomas, 506, 507
Rheumatic disease, 320
Rheumatic tricuspid stenosis, 323, 551
Rheumatic valve disease, 326
Rheumatoid arthritis (RA)

mixed connective tissue disease, 451–452
polymyositis/dermatomyositis, 451
Sjogren’s syndrome, 451

Right and left catheterization, 626
Right atrial (RA) volume index, 565
Right atrial anatomy, 562
Right atrial endothelial hemangioma, 495
Right atrial pressure (RAP) estimation, 564
Right atrial volume index assessment, 565
Right atrium (RA), 26, 27

CTI/CVTI, 29–31
Eustachian valve/ridge, 31
pectinate muscles, 28, 29
vestibule, 28

Right bundle branch (RBB), 40
Right bundle branch block (RBBB), 160
Right cardiac catheterization, 174
Right coronary artery (RCA), 45, 147, 168, 210
Right heart

anatomy, 50, 51, 273
assessment of, 158, 274
atrial tumour, 548
chest discomfort after exercise, 543
chest radiography

ASD, 548, 550
blood pumping, muscular role, 541
cardiac tumours, 547
CHD, 547
diagnosis, 541
low radiation dose, 542
morphological features, 542
prognosis, 543
pulmonary embolism, 545, 546
pulmonary hypertension, 544
right ventricle, 542
right ventricular hypertrophy, 544, 545
tricuspid valve, 549, 550
ventricular morphology and function, 543
VSD, 549

clinical signs
cardiac cachexia, 526
cardiac findings, 521–526
cyanosis, 526
jaundice, 526
nocturia, 526
oliguria, 526
peripheral retrograde stasis, 521–524
protein losing enteropathy, 526
rales, 526

CMR, 274
computational cardiac modelling, 50, 51
conduction system, 40, 41
coronary arteries, 543
diagnostic assessment, 555
dilatation, 191–194

etiologies, 194–196
echocardiography, 274, 543
electrocardiogram

ARVD, 537
biventricular hypertrophy, 533
chronic obstructive pulmonary disease, 537, 538
pulmonary embolism, 533, 535, 536
right atrial abnormalities, 528–530
right ventricular strain, 533
RV MI, 534, 535

hypertrophy, 184
cardiomyocytes, 184–187
concentric and eccentric, 189, 190, 192
mechanisms, 185, 188
pathological, 188, 189
physiological, 188, 189
right ventricular, 530, 532
types of, 188

interatrial septum, 33–35
interventricular septal morphology, 40
management, 554, 561
mechanics, 180, 181
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multiscan CT, 274
myoarchitecture, 46, 48, 49
physiopathology, 181
pressure-loaded RV (see Pressure-loaded RV)
pulmonary embolism, 546, 547
pulmonary hypertension, 544
right atrium, 26, 27

CTI/CVTI, 29–31
Eustachian valve/ridge, 31
pectinate muscles, 28, 29

right ventricle, 35–37
stages, 527
symptoms

abdominal pain, 520
anorexia, 520
asthenia and fatigue, 520
cardiac cachexia, 520
dyspnea, 519
exertional chest pain, 520
exertional chest pain or pressure, 519
exertional syncope, 519, 520
gastrointestinal symptoms, 520
neurologic symptoms, 520
palpitations, 519
sudden death, 520

tricuspid valve, 552
ventricular tumour, 549
vessels, 45, 47
volume-overloaded RV (see Volume-overloaded RV)
VSD, 551

Right heart catheterization (RHC), 150, 297, 393, 570
Right heart endocarditis, 744, 751
Right heart failure, 203, 784
Right myocardium, 57
Right pneumonectomy, 885, 895
Right ventricle (RV), 25

adaptive remodeling, 148, 289
afterload, 235, 236, 812
anatomy, 146–148, 561, 587
angiography, 701
angular sensitivity, 577
apical trabecular, 274
arrhythmogenesis, 162, 163
biomarkers, 161, 162
CMR, 161
contraction, 148, 180
coronary blood flow of, 58
dilatation, 574, 595
dysfunction (see Right ventricular dysfunction)
echocardiography, 158, 159, 173
electroanatomical mapping, 162
endurance sports, 158
evaluation, 146, 575
failure (see Right ventricle (RV) failure)
function, 146, 151, 152, 574
functional evaluation, 577
hypertropgy, 188
infarction, 219
inlet, 273
maladaptive remodeling, 289
molecular response, 97
morphological remodeling, 576
myocardial ischemia, 289

outlet, 274
PAH, 289
parameters, 149, 151

afterload, 149, 183
contractility, 149, 150
preload, 149
presure-volume curves, 149

pathophysiology, 184, 185, 562, 563
physiology, 148, 182–184

diastolic function, 169
systolic function, 168

pressure overload, 94, 206–208
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	46.2.3.1	 Pulsatil Dual Ventricular Assist Devices
	Berlin Heart Excor (Berlin Heart AG, Berlin, Germany)

	46.2.3.2	 Continuous Dual Ventricular Assist Devices
	Heartware HVAD (HeartWare, Framingham, MA, USA)
	HeartMate-3 (St. Jude Medical, St. Paul, MN, USA)


	46.2.4	 Total Artificial Heart
	46.2.4.1	 The Syncardia TAH (SynCardia Systems, Inc., Tucson, AZ, USA)
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