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Scientific interest in the heart, and particularly the differences between the 
two sides of the heart, dates back over 2000 years to its earliest depiction by 
Hippocrates and Galen as a two-sided structure. The description of the pul-
monary circulation, accompanied by more accurate speculation regarding its 
function, however, was only first made over a millennium later by Ibn al- 
Nafis in 1242. Subsequently, Vesalius performed detailed anatomical studies 
of the heart and lungs in the mid-sixteenth century, followed by William 
Harvey’s first accurate description of the circulatory system in 1628.

More recent scientific study of the cardiopulmonary system came with the 
pioneering work by Andre Cournand and his colleagues at Bellevue Hospital 
in New York City in the mid-twentieth century using the novel technique of 
catheterisation of the right side of the heart. Their early work included 
detailed measurements of cardiac function in normal and disease states, par-
ticularly conditions that affect both the heart and lungs, such as acute and 
chronic lung diseases.

As the field of cardiology evolved from primarily observational to inter-
ventional, the bulk of cardiovascular scientific study was focused on arterio-
sclerotic, hypertensive, and valvular heart diseases. Nevertheless, a group of 
physician-scientists including Al Fishman, Bob Grover, and Jack Reeves 
made important contributions to our understanding of the cardiopulmonary 
unit in physiologic conditions such as high altitude and pathologic conditions 
such as pulmonary hypertension. The development of noninvasive technolo-
gies to study the structure and function of the heart and the integrated cardio-
pulmonary unit, including echocardiography and magnetic resonance 
imaging, has led to a fuller understanding of right heart function, including 
important concepts like ventricular interdependence. Indeed, the editors and 
contributors to this book performed much of this scientific work; their chap-
ters provide the reader with a comprehensive, state-of-the art foundation nec-
essary for both contemporary clinical care and future investigation. For 
example, the development of specific therapies for pulmonary vascular dis-
eases—pharmacologic, surgical, and interventional—provide the opportunity 
to study how these approaches affect right heart function and may lead to 
novel treatments for pulmonary vascular diseases, such as measures directly 
targeting the diseased right heart.

The global impact of pulmonary vascular disease today remains predomi-
nant by age-old conditions such as chronic lung disease, left-sided heart fail-
ure, thromboembolic and connective tissue diseases. However, more recently 
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described conditions that affect the pulmonary circulation, such as infectious 
etiologies like the HIV, hepatitis C, and COVID-19 viruses, are major global 
health challenges and remain poorly understood. Their emergence under-
scores the importance of multidisciplinary efforts to further our understand-
ing of the right heart and pulmonary circulation. That the contributors to this 
volume exemplify this multidisciplinary interest and approach sets the stage 
for an exciting new era of scientific progress in this field.

New York, NY, USA Lewis J. Rubin

Foreword
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The first edition of The Right Heart was published in 2014. We believe it was 
the first book to look exclusively at the normal anatomy and physiology of the 
right heart as well as the impact of disease on structure and function. It was 
hoped at the time that the book would take a step towards reversing the his-
torical neglect of the ‘lesser circulation’ by both pulmonary physicians and 
cardiologists. The book was very well received with over 22,000 downloads. 
The growing understanding of the crucial role of the right heart as a funda-
mental integral component of the cardiopulmonary system has led to signifi-
cant advances in our understanding since that first edition.

In this second edition, leading right heart experts from around the world 
have come together to explore the most up-to-date information we have 
gained over the past decade. The book is divided into sections on physiol-
ogy, pathology and pathobiology, imaging, as well as sections on the causes 
of right heart dysfunction and its treatment. Previously, it was accepted that 
direct treatment of the pulmonary vascular abnormalities was the only way 
to improve right heart dysfunction by reducing RV afterload, but we realise 
now that direct treatment of the RV is also possible and indeed desirable.

We do hope that this book will be received with the same enthusiasm as 
the first edition. The ‘lesser circulation’ continues to grow in importance to an 
even wider audience beyond the pulmonologist and cardiologist to include 
specialists as diverse as the intensivist, radiologist, haematologist, and indeed 
those involved in transplantation and the development of stents and ventricu-
lar assist devices.

In 1989, Jack Reeves invited us to further explore the right heart by remark-
ing that ‘One must inquire how increasing pulmonary vascular resistance 
results in impaired right ventricular function’1. We hope after reading this edi-
tion that you will agree his invitation has been enthusiastically accepted and 
that real progress in our understanding of the right heart is now being made.

Dublin, Ireland  Sean P. Gaine
Brussels, Belgium  Robert Naeije  
Glasgow, UK  Andrew J. Peacock   

1   Reeves JT, Groves BM, Turkevich D, Morrisson DA, Trapp JA. Right ventricular func-
tion in pulmonary hypertension. In: Weir EK, Reeves JT, editors. Pulmonary vascular 
physiology and physiopathology. New York: Marcel Dekker; 1989. p. 325–51. Chap. 10.

Preface
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Function of the Right Ventricle

Jeroen N. Wessels, Frances S. de Man, 
and Anton Vonk Noordegraaf

 From Early to Recent Ideas on RV 
Function

Ideas about right ventricular (RV) function have 
changed tremendously since the second century 
when Galen described the RV as merely a con-
duit, through which part of the blood moves to 
the lungs for nourishment. The remainder of the 
blood was thought to go through invisible pores 
of the septum to the left ventricle for the forma-
tion of the vital spirit [1]. It took about ten centu-
ries before Galen’s view was opposed. In the 
thirteenth century, Ibn Nafis disputed the exis-
tence of septum pores and stated for the first time 
in known history that all the blood had to go 
through the lungs to get from the right to the left 
ventricle [1, 2]. Ibn Nafis’ idea about RV function 
was also different from Galen’s view as he 
believed that it was responsible for thinning of 
the blood, making it fit for mixing with air in the 
lungs [2]. The origin of the idea that the right 
ventricle is responsible for transmission of blood 
through the lungs and not for their nourishment 
has been accredited mostly to William Harvey 
who described this idea in 1628 in his de Motu 
Cordis, about three centuries later than Ibn Nafis 
[3, 4]. Even though Ibn Nafis and Harvey both 

emphasized the role the right ventricle plays in 
the pulmonary circulation, centuries passed 
before the true importance of RV function for 
both the pulmonary and systemic circulation 
would be established. The road to this under-
standing started in the 1940s during which more 
detailed studies on RV function were performed. 
Several open-pericardial, open-thorax dog exper-
iments showed that cauterization of the right ven-
tricle did not lead to changes in systemic venous 
or pulmonary artery pressures [5–7]. Based on 
these studies it was, still then, concluded that an 
actively functioning RV was not essential for the 
maintenance of a normal pressure gradient in the 
pulmonary and systemic arterial tree. However, 
several studies conducted between 1950 and 
1980 that used experimental models excluding 
the RV from the circulation concluded that the 
RV was unquestionably necessary for the mainte-
nance of blood flow and life [8–10]. But because 
the models used in these studies were far from 
physiological, the idea of the necessity of the 
right ventricle for the maintenance of circulation 
did not gain much support. It took until 1982 to 
recognize the role of the RV, when it was shown 
that RV myocardial infarction, this time using an 
animal model with an intact pericardium, did 
lead to a reduction in cardiac output [11]. Since 
then, multiple studies have shown RV function to 
be of functional and/or prognostic significance in 
exercising healthy subjects and in disease states 
[12–15]. Thus at present, we know that the right 
ventricle is not just a passive conduit for systemic 
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venous return: the RV plays an important role in 
maintaining cardiac output in both health and 
disease.

 Physiology of RV Contraction 
and Relaxation

 Myocyte Contraction

In both the left and right ventricles, the struc-
tural unit of a cardiomyocyte that is responsible 
for diastolic muscle properties and cardiac con-
traction is the sarcomere [16]. The sarcomeric 
thick (myosin) and thin (actin) filamentous pro-
teins (see Fig.  1.1) determine the contractile 
properties. The third filament, titin, is responsi-
ble for the passive properties of the sarcomere. 
The myosin filament is composed of a body and 
cross-bridges. The cross-bridges consist of an 
“arm and head” and extend outward from the 

body [17]. The actin filament is made of actin 
and tropomyosin which form the backbone of 
the filament. Attached to tropomyosin is the tro-
ponin complex (troponin I, T, and C). In a 
relaxed state, the troponin complex is attached 
to tropomyosin in a manner that prevents the 
binding of myosin heads with actin. 
Cardiomyocyte contraction is initiated by the 
arrival of the action potential. During the action 
potential, calcium channels in the cell mem-
brane open, allowing calcium to enter the cell 
[18]. This event triggers the release of calcium 
from the sarcoplasmic reticulum, which causes 
the main increase in the cytosolic calcium con-
centration (calcium-induced calcium release). 
The increase in free calcium concentration 
allows binding of calcium to the myofilamental 
protein troponin C, thereby changing the confir-
mation of the troponin complex. The result is 
exposure of the myosin-binding sites of the actin 
filament, creating the opportunity for a reaction 

Z disk Z disk1 µm
Titin

Titin
Sarcomere

Thin filament
(actin)

Thin filament
(actin)

Thick filament
(myosin)A- band

Fig. 1.1 The structural unit of a cardiomyocyte that is 
responsible for contraction, the sarcomere, is presented at 
two different muscle lengths. Each sarcomere is bounded 
at the end by Z-discs. Two types of filaments are shown: 
(1) the thick filament (blue), with the myosin heads 
extending from the backbone and connected to the Z-disc 

by a titin molecule (drawn here is one molecule instead of 
six), and (2) the thin filament (green), directly attached to 
the Z-disc. Note that both filaments overlap each other, the 
extension of which is dependent on muscle length. 
(Reprinted from Westerhof et  al. [17]. With permission 
from Springer Science)

J. N. Wessels et al.
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between actin and myosin heads  resulting in 
sliding of actin along myosin and consequently 
shortening of the muscle [17, 19].

 Myocyte Relaxation

After muscle shortening, calcium ions are 
pumped out of the cytosol back into the sarco-
plasmic reticulum and to the extracellular fluid 
allowing the sarcomere to relax and lengthen up 
to its initial diastolic state [17, 18]. The sarco-
meric protein that is responsible for the stiffness 
of the relaxed, diastolic muscle is titin (see 
Fig.  1.1) [20]. It is the largest protein in the 
human body and it extends from the Z-disc to the 
center of the myosin filament. It has several 
“springlike” regions which determine the stiff-
ness of the protein. Alteration of phosphorylation 
of these regions or alternative splicing can 
increase or decrease titin compliance [21]. 
Myocardial passive tension is also influenced by 
extracellular collagen, especially at longer sarco-
mere length. However, titin remains an important 
contributor to total passive tension, even at large 
sarcomere lengths [20].

 RV Contraction, Ejection, and RV 
Pressure Curve

That contraction of one single cardiomyocyte 
leads to shortening of the muscle cell is clear. A 
more complicated story is how the combined 
shortening of all the individual RV cardiomyo-
cytes results in the ejection of blood into the pul-
monary artery (PA). This is due to the complex 
geometry and contraction sequence of the 
RV. The RV is composed of two different ana-
tomical parts, that is, the body (sinus) and the 
outflow tract (conus or infundibulum). The sinus 
contains more than 80% of total RV volume [22] 
and has a different fiber orientation compared to 
the conus. Also, the timing of contraction during 
the cardiac cycle is different between these two 
compartments [22–27]. RV contraction occurs 
sequentially starting at the apex of the ventricle 

moving in a peristalsis- like pattern towards the 
conus [25]. In early systole, the conus even 
expands before it starts to contract about 
20–50  ms later than the body of the ventricle 
[22, 24, 26]. During early diastole, the conus’ 
tonus partially continues and relaxation may not 
be seen until atrial contraction [22, 24, 26].

The net result of RV contraction is a chamber 
volume reduction with propulsion of blood into 
the pulmonary artery. This is mediated by sev-
eral mechanisms. The largest contribution to 
RV volume decrease is shortening of the ven-
tricle in the longitudinal direction, that is, from 
base to apex [28]. Another mechanism of vol-
ume reduction is movement of the RV free wall 
to the septum (transverse shortening) [4, 29, 
30]. Several investigators have mentioned 
another mechanism of ejection, that is, ejection 
of blood due to blood momentum [31–33]. 
Blood momentum refers to the event of contin-
ued movement of blood mass under the late-
systolic negative pressure gradient (PA  >  RV 
pressure) [8, 33]. This mechanism was origi-
nally suggested based on LV ejection hemody-
namics [33], but similar observations were 
made on RV ejection hemodynamics. RV ejec-
tion, starting when the RV pressure exceeds PA 
pressure leading to pulmonary valve opening 
(see Fig. 1.2), continues even when myocardial 
muscle relaxes and ventricular pressure 
decreases to values lower than PA pressure. 
Indeed, RV ejection continues in the presence 
of declining RV pressure and a negative pres-
sure gradient between the RV and PA [30, 31, 
34, 35]. Both observations support the theory of 
blood momentum. The fact that continued ejec-
tion can occur in the course of a declining RV 
pressure is likely the effect of mass: moving 
mass continues moving even when a counteract-
ing force exists. Importantly, the disparity 
between end systole (end of active myocardial 
shortening) and end ejection makes it necessary 
to assume equal use of terminology concerning 
the two events to avoid confusion. However, in 
pressure-volume analysis end systole is defined 
as end ejection (see description on pressure-
volume analysis below).

1 Function of the Right Ventricle
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 Influence of LV Contraction on RV 
Ejection

The RV is connected in series with the LV; this is 
called series ventricular interaction [36]. As a 
result, RV stroke volume will greatly determine 
LV filling and subsequently LV stroke volume. 
Consequently, factors that influence RV output 
will also affect LV output. Diseases that affect 
RV function are described in detail in subsequent 
chapters in this book.

On top of the indirect series interaction, a 
direct ventricular interaction occurs as both 
ventricles share the interventricular septum, 
have intertwined muscle bundles, and are 
enclosed by one single pericardium [8, 36]. 
Because the pericardium encloses the septum-
sharing ventricles and is highly resistant to 
acute distention, the compliance of one ventri-
cle is influenced by the volume and pressure of 
the other ventricle [37–39]. Also during systole, 
ventricular interaction can be observed as LV 
contraction influences pressure development in 

the RV [36, 40]. Approximately 20–40% of the 
RV systolic pressure development may result 
from LV contraction [41].

Although ventricular interactions are present 
in healthy subjects, negative consequences of 
ventricular interaction manifest only in disease 
states. For example, in pulmonary arterial 
hypertension, LV diastolic filling is impaired by 
both a reduced RV stroke volume resulting from 
an increased pulmonary vascular resistance 
(series ventricular interaction) and leftward 
ventricular septum bowing resulting from RV 
pressure and volume overload (direct ventricu-
lar interaction) [42].

 Description of RV Function

The cardiovascular system has the essential task 
to provide the tissues in our body with sufficient 
nutrients and oxygen. Therefore, it is important 
to maintain cardiac output at an adequate level. 
Since the left and right ventricles are connected 
in series, cardiac output is more or less similar for 
both. Often used methods to determine RV car-
diac output are thermodilution or the direct Fick 
method during a right-heart catheterization [43]. 
Cardiac output is determined by stroke volume 
and heart rate. Cardiac magnetic resonance imag-
ing (MRI) is a noninvasive method to assess RV 
stroke volume. With MRI, aortic and pulmonary 
flows can be measured. Stroke volume can also 
be determined by taking the difference between 
end-systolic and end-diastolic volume. It holds 
for all methods that both LV and RV measure-
ments can be used to determine stroke volume, 
since it should be the same for both ventricles. 
Please note that when valvular insufficiency or a 
shunt is present, the use of ventricular volumes is 
not accurate [44]. Despite the fact that stroke vol-
ume is the net result of RV contraction, it only 
gives a limited amount of information about RV 
function per se. Stroke volume is first of all deter-
mined by RV filling (preload). Stroke volume is 
further determined by RV myocardial function 
(ventricular contractility) and by the load that 
opposes RV ejection (arterial system, afterload). 
Therefore, to understand RV myocardial  function, 

ECG

PAP
(mmHg) HOI

Flow while pressure
gradient is negative

PEP RVET
1 s

RVP
(mmHg)

RV dP/dt
(mmHg/s)

Phasic
Pulmonary
Artery Flow
(cm/s)

Fig. 1.2 Simultaneously recorded electrocardiogram 
(ECG), right ventricular (RV) dP/dt, pulmonary artery 
(PA) flow, PA and RV pressure. Note the short duration of 
the pre-ejection time (PEP) and the negative pressure gra-
dient visible during late ejection. HOI hangout interval, 
RVET RV ejection time, PAP pulmonary artery pressure, 
RVP right ventricular pressure. (Reprinted from Dell’Italia 
and Walsh [35]. With permission from Elsevier)

J. N. Wessels et al.
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load-independent measures are needed as pro-
vided by ventricular pressure-volume analysis.

 The Ventricular 
Pressure-Volume Loop

The first person to describe the cardiac cycle by 
means of a pressure-volume graph was Otto 
Frank in 1898 [17, 45]. He described pressure 
changes during isovolumic (non-ejecting) con-
tractions at various filling volumes and showed 
maximal pressure increases with increasing dia-
stolic volume. Later, in 1914, Starling described 
ejection against a constant ejection pressure and 
found increased stroke volumes with increased 
filling. The combination of the two findings is 
what we nowadays call the Frank-Starling mech-
anism, which will be explained in detail in the 
section “Regulation of RV Function” below.

A pressure-volume loop describes the changes 
in ventricular pressure and volume observed dur-
ing the cardiac cycle (see Fig.  1.3a for a sche-

matic presentation). The cardiac cycle can be 
divided into four different phases: (1) the filling 
phase, (2) isovolumic contraction phase, (3) ejec-
tion phase, and (4) isovolumic relaxation phase. 
During the filling phase, RV volume increases 
considerably while RV pressure only slightly 
changes [46]. After the onset of contraction, RV 
pressure increases rapidly. The pulmonary valve 
opens when RV pressure exceeds PA pressure, 
thereby ending the isovolumic contraction phase. 
Normally, this RV isovolumic contraction phase 
is of short duration due to the low PA pressures 
(see also Fig. 1.2) [47]. In the ejection phase RV 
pressure peaks early to subsequently rapid 
decline during late ejection [48]. During late 
ejection, a negative pressure gradient between the 
RV and PA can be observed; this is referred to as 
the hangout interval (see Fig. 1.2) [35]. The iso-
volumic relaxation phase starts at pulmonary 
valve closure and pressure declines back to its 
initial value.

The information that can be derived from a 
single pressure-volume loop includes stroke 
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Fig. 1.3 (a) Schematic presentation of a pressure-volume 
(P-V) loop of a single beat. Diastole (or the filling phase) 
starts after tricuspid valve opening (lower left corner P-V 
loop). At this moment, the volume in the ventricle is at its 
minimum, corresponding to end-systolic volume (ESV). 
During the filling phase, volume increases up to maxi-
mum filling, that is, end-diastolic volume (EDV). 
Contraction leads to an increase in pressure (isovolumic 
contraction) until the pulmonary valve opens. This is the 
start of ejection. After valve closure, isovolumic relax-
ation occurs with a rapid decrease in pressure until the 
intracardiac valve opens again and the ventricle reenters 
its filling phase. Right ventricular ejection fraction 

(RVEF) can be calculated from a single pressure-volume 
loop by dividing stroke volume and end-diastolic volume, 
and then multiplying by 100%. Effective arterial elastance 
(Ea) is a measure of RV afterload and calculated as the 
slope of the dotted line from the end-systolic P-V point to 
the x-intercept at EDV. (b) Schematic representation of 
multiple pressure-volume loops obtained during gradual 
preload reduction. Note that the end-diastolic pressure- 
volume points can be connected by a nonlinear line, the 
end-diastolic pressure volume relation (EDPVR). Also 
shown is the linear end-systolic pressure volume relation 
(ESPVR) and its slope Ees (end-systolic elastance)

1 Function of the Right Ventricle
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volume, end-diastolic volume, end-systolic vol-
ume, and ejection fraction (calculated from end- 
diastolic volume and stroke volume, see 
Fig. 1.3a). The information that these parameters 
give about RV myocardial properties is limited. 
However, if multiple loops under alteration of 
loading conditions (preferable preload reduction 
by vena cava occlusion [17]) are collected, infor-
mation on both systolic and diastolic properties 
of the ventricle can be obtained.

 Systolic Properties: The End-Systolic 
Pressure-Volume Relation

Figure 1.3b gives a graphical representation of 
multiple pressure-volume loops obtained during 
preload reduction [49]. Although multiple 
pressure- volume loops can also be acquired by 
changing afterload, the preferable method is pre-
load reduction, since changes in afterload are 
more likely to affect the systolic and/or diastolic 
properties one wishes to measure [50]. When 
multiple pressure-volume loops are obtained dur-
ing preload reduction, for example by partial 
vena cava occlusion using a balloon catheter, 
both the end-systolic and end-diastolic pressure- 
volume points can be connected by a line (see 
Fig. 1.3b). The line connecting the end-systolic 
pressure-volume points is referred to as the end- 
systolic pressure-volume relation (ESPVR). This 
relation is reasonably linear over a physiological 
range in both the LV and the RV [34, 51, 52]. 
Therefore, in practice, linearity is assumed for 
the ESPVR.  The slope of the ESPVR is called 
end-systolic elastance (Ees) and due to the 
assumption of linearity it can be described by the 
following formula: Ees = Pes/(Ves − V0), where Pes 
is end-systolic pressure, Ves is end-systolic vol-
ume, and V0 is the so called intercept volume of 
the ESPVR. Ees is used as a measure of myocar-
dial contractility for several reasons. First of all, 
positive and negative inotropic agents such as 
catecholamines and acute B-blockade, respec-
tively, increase or decrease Ees [46, 51–56]. In 

addition, Ees is assumed independent of pre- or 
afterload, and therefore considered load indepen-
dent [34, 56].

In theory, elastance is a measure of stiffness in 
terms of pressure and volume and the idea that 
ventricular properties could be described by elas-
tance came from Suga’s work on the isolated 
heart, where the time-varying elastance concept 
was proposed in the late 1960s [57]. The time- 
varying ventricular elastance implies that the 
heart changes its stiffness during the cardiac 
cycle, with maximal elastance occurring near or 
at end systole. More extensive information on the 
theory of time-varying elastance can be found 
elsewhere [17, 45].

 Considerations for the Application 
of RV ESPVR and Ees

For the assessment of changes in contractile state 
one should consider that the measured ventricu-
lar properties, both systolic and diastolic (see 
below), are influenced by the amount of muscle 
mass, myocardial properties, and ventricular con-
figuration [45, 50]. Therefore, a shift of the 
ESPVR in an acute setting (where muscle mass 
and ventricular configuration are constant) 
reflects a change in myocardial contractility. 
However, in a clinical setting muscle mass or 
ventricular configuration may change over time 
and an observed shift in the ESPVR can therefore 
not only be attributed to a change in myocardial 
contractility [50].

 The Cardiopulmonary System

The systolic properties of the right ventricle have 
to be seen in light of its load [58]. The pulmonary 
circulation is a low-pressure, high-compliance 
system in contrast with the systemic circulation. 
Because the afterload for the right ventricle is 
low, there is no need for a high Ees. However, dur-
ing exercise, or in disease states in which the 

J. N. Wessels et al.



9

afterload increases, the Ees has to increase as well 
[59, 60]. An appropriate measure to describe the 
afterload is called effective arterial elastance (Ea), 
which is a measure of total resistance [61]. It can 
be determined by the ratio of end-systolic pres-
sure to stroke volume (see Fig. 1.3b). In healthy 
individuals, the transfer of energy from the right 
ventricle to the pulmonary artery is optimal. In 
other words, RV contractility is adequately 
matched to the afterload. This concept is called 
coupling and is represented by the ratio of Ees/Ea. 
Both Ees and Ea describe the function of a subsys-
tem (right ventricle and pulmonary circulation, 
respectively), independently of each other. The 
function of the cardiopulmonary system as a 
whole results from the interaction of these sub-
systems. Stroke volume, for example, is deter-
mined not only by RV function, but also by 
afterload. Other often used parameters that result 
from functional interaction include cardiac out-
put, RV ejection fraction, and pulmonary artery 
pressure [60].

 Diastolic Properties: The End- 
Diastolic Pressure-Volume Relation

In contrast with the rather linear end-systolic 
pressure-volume relation, the diastolic pressure- 
volume relation is nonlinear (see Fig. 1.3b) [45, 
50]. The end-diastolic pressure-volume relation 
(EDPVR) shows that at low volumes pressure 
increases only minimally for a given increase in 
volume. At higher volumes the pressure rise for 
an increase in volume is progressively larger, 
which gives the EDPVR its characteristic nonlin-
ear curve [50]. The sarcomeric structures respon-
sible for the steeper rise in pressure at larger 
filling volumes are the titin molecules, while out-
side the sarcomere the extracellular matrix (col-
lagen) resists the further stretching of the myocyte 
[50, 62]. Diastolic elastance can be measured like 
systolic elastance with multiple pressure-volume 
loops under quick alteration of preload and 
reflects the passive properties of the ventricle 

(see Fig.  1.3b) [50]. However, because of the 
nonlinearity of the EDPVR, nonlinear regression 
analysis is mandatory to obtain a curve fit and a 
diastolic stiffness constant [50, 63]. RV diastolic 
stiffness can be described by the slope of the 
EDPVR at end-diastolic volume. This measure is 
called end-diastolic elastance (Eed) [64].

 Single-Beat Analysis of Ees and Eed

Because the measurement of systolic and dia-
stolic elastances as described above requires 
simultaneous measurement of RV pressure and 
volume including an intervention on ventricular 
loading, this measurement is not easy to apply in 
a clinical setting and may even be contraindi-
cated in some patients. To overcome these prob-
lems, more applicable methods have been 
developed that do not require multiple pressure- 
volume loops. These so-called single-beat analy-
ses are available for both the left and right 
ventricles and for both the systolic [53, 65, 66] 
and diastolic elastance [63]. Results of the single- 
beat method to calculate the coupling of Ees/Ea 
are comparable to the multiple-beat method [67].

 Regulation of RV Function

The regulation of RV function can best be illus-
trated by its response to changes in volume and 
afterload. The RV ventricular response to filling 
(diastolic) volume is described by the Frank- 
Starling mechanism and is based on the alteration 
of the sensitivity of the myofilaments to calcium, 
as will be described below [18]. The response of 
the right ventricle to changes in afterload is medi-
ated by neurohormonal mechanisms. Cardiac 
output can further be altered by changes in heart 
rate. For mechanisms of subacute and chronic 
alterations in contractility and diastolic function 
we refer to the chapters on disease states with 
altered ventricular loading by volume and/or 
afterload.

1 Function of the Right Ventricle
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 Volume Response: The Frank- 
Starling Mechanism

The Frank-Starling mechanism refers to the 
observation that with increasing ventricular end- 
diastolic volume, stroke volume simultaneously 
increases. Changes in end-diastolic volume are 
usually mediated by changes in venous return. 
Consequently, stroke volume is regulated by 
venous return in most conditions [19]. At a 
molecular level the Frank-Starling mechanism 
refers to the observation that with greater sarco-
mere length at the start of contraction, a greater 
force is generated. This is caused by an altered 
myofilamental sensitivity to calcium by stretch-
ing. The proposed mechanism for this altered 
myofilamental sensitivity has long been the the-
ory of “lattice spacing” [68]. This theory is based 
on a decrease in spacing between the filaments 
upon stretching. Consequently, the binding of 
myosin heads to actin is more likely to occur, 
thereby increasing force per amount of calcium 
available. Recently, another explanation has been 
put forward [68]. It was observed that the stretch-
ing of sarcomeres favorably alters the orientation 
of the myosin heads, making it easier to bind with 
the actin filament. According to these new find-
ings, the Frank-Starling mechanism may be 
largely explained by favorable alteration in myo-
sin head orientation, and to a lesser extent by lat-
tice spacing.

 Afterload Response: Sympathetic 
Activation

When the afterload of the right ventricle is 
acutely increased, stroke volume will decrease 
if no compensatory mechanisms existed. 
However, compensatory mechanisms do exist 
and stroke volume can be maintained to a cer-
tain extent under altered loading conditions. 
One mechanism to maintain stroke volume is by 
the Frank- Starling mechanism as described 
above. This occurs when the RV’s end-diastolic 
volume increases as a result of the increased 
afterload. Another mechanism to maintain 

stroke volume in an acute setting is through an 
increase in contractility, facilitated by sympa-
thetic nervous system activation. Sympathetic 
activation of the heart occurs through 
B-adrenergic receptors that are localized on car-
diomyocytes. Stimulation of B-adrenergic 
receptors leads to an increase in contractility 
(inotropy) through increased availability of free 
intracellular calcium. Sympathetic activation 
also slightly reduces myofilamental calcium 
sensitivity. However, the increase in intracellu-
lar calcium availability outweighs this reduction 
[18]. Secondly, sympathetic activation leads to 
faster relaxation (lusitropy) as a result of a faster 
reuptake of calcium ions by the sarcoplasmic 
reticulum and consequently a faster release of 
calcium from the myofilaments.

A secondary, slower mechanism that increases 
contractile force has been described by Gleb von 
Anrep [69]. The so-called Anrep effect refers to 
the observation that after the initial response, car-
diomyocytes further increase their contractile 
force slowly over the following minutes [69]. The 
Anrep effect results from autocrine/paracrine 
mechanisms involving stretch-induced release of 
angiotensin II and endothelin. More detailed 
information on the Anrep phenomenon can be 
found elsewhere [69, 70].

 Conclusions

RV function is important in both healthy individ-
uals and disease states. The right ventricle has a 
complex geometry consisting of two different 
anatomical parts and RV contraction occurs in a 
peristaltic-like pattern. In the healthy right ven-
tricle, ejection continues after maximal shorten-
ing and in the presence of a negative pressure 
gradient. Despite the complex hemodynamics, 
RV systolic and diastolic function can be 
described by a time-varying elastance. RV output 
is highly sensitive to changes in filling, which is 
mediated through the Frank-Starling mechanism, 
and increases in afterload. An accurate descrip-
tion of RV function incorporates so-called load- 
independent measurements.

J. N. Wessels et al.
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Right Ventricular Pathobiology

Vineet Agrawal, Evan Brittain, 
and Anna R. Hemnes

 Introduction

Right ventricular (RV) function is a strong, inde-
pendent prognostic indicator of outcomes in a 
number of disease states including valvular heart 
disease, ischemic and nonischemic cardiomyopa-
thy, pulmonary embolism, and pulmonary arte-
rial hypertension (PAH), among others [1–4]. 
Despite the recognized importance of RV func-
tion in these diseases, the underlying pathobiol-
ogy of RV failure is poorly understood [5]. Global 
RV function is primarily determined by three 
dynamic factors: preload, afterload, and myocar-
dial contractility. The primary inputs of RV after-
load are pulsatile reflections from the main 
pulmonary arteries (PA) and early bifurcations, 
impedance of the proximal PAs, and arteriolar 
resistance (pulmonary vascular resistance, PVR). 
RV contractility is a reflection of loading condi-
tions, adrenergic state, heart rate, medications, 
metabolic status, and ventricular interdepen-
dence. How these three facets of RV function 

alter or are altered by molecular changes in the 
RV myocardium are in their infancy of mechanis-
tic understanding, but undoubtedly powerfully 
affect outcomes in situations of RV stress and 
may be independent targets of therapy. This 
chapter focuses on the pathobiology of right- 
heart failure in chronic pulmonary hypertension 
and highlights areas of recent advances in our 
molecular understanding of RV function and 
dysfunction.

 RV Functional Decline and Recovery 
Are Highly Variable

RV failure is a heterogeneous clinical problem. 
Some patients develop severe RV failure at a 
given elevation in PA pressure and PVR whereas 
others maintain long-term preservation of RV 
function given the same hemodynamic profile. 
For example, many patients with congenital 
heart defects who develop Eisenmenger physiol-
ogy maintain normal RV function for decades 
despite systemic PA pressures [6]. Relatively 
good outcomes in Eisenmenger patients are pos-
tulated to be related to the development of com-
pensatory RV hypertrophy or persistence of the 
fetal gene program, but ultimately these mecha-
nisms are not well understood. In many diseases, 
the RV exhibits a remarkable capacity for func-
tional recovery after insult, for example after RV 
myocardial infarction or pulmonary thromboen-
darterectomy [7]. A molecular understanding of 
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the mechanisms mediating RV decline and 
recovery will improve our understanding of RV 
failure and aid in the development of RV-targeted 
therapy.

 RV Failure Is in Part Independent 
of Pulmonary Hemodynamics

In diseases primarily affecting the pulmonary 
vasculature such as chronic thromboembolic pul-
monary hypertension (CTEPH) and PAH, out-
comes more closely mirror RV function and 
reverse remodeling than improvement in pulmo-
nary hemodynamics [5]. There is increasing rec-
ognition that elevated RV afterload is not the sole 
determinant of RV failure and that RV function 
often declines despite significant improvement in 
pulmonary hemodynamics in response to medi-
cal therapy. Van de Veerdonk et al. showed that 
decline in RV function despite a clinically sig-
nificant decline in PVR was associated with sig-
nificantly worse survival in patients with PAH 
[8]. Additional evidence includes the good out-
comes of patients with pulmonic valve stenosis 
and Eisenmenger’s syndrome who develop adap-
tive RVH and the lack of RV failure in experi-
mental models of RV pressure overload using 
pulmonary artery banding [6, 9]. These findings 
suggest that the development of RV failure 
depends not just on elevated afterload from pul-
monary vascular resistance and large vessel stiff-
ness but also on additional pathogenic 
mechanisms. Because RV functional decline is in 
part independent of pulmonary vascular disease, 
therapies directed at RV function may lead to 
improved outcomes. The lack of currently avail-
able RV-specific therapies stems from an incom-
plete understanding of the molecular mechanisms 
of RV failure.

 Pathology of RV Failure

Despite well-characterized pulmonary vascular 
pathology, the pathology of RV failure has not 
been well studied. In addition to gross increase in 
mass, RV myocyte hypertrophy is well described 

in the context of PAH [5]. Changes in capillary 
density or size, role of fibrosis, and differences 
across the clinically variable causes of RV failure 
are little described in humans. Several causes of 
acute RV failure, such as pulmonary embolism 
and RV infarction, are associated with RV myo-
cardial necrosis [10], but this is not described in 
chronic causes of RV failure such as PAH. Little 
comparative information is available about RV 
pathology in the WHO groups of pulmonary 
hypertension, but data from humans suggesting 
that diseases such as scleroderma-associated 
PAH has disproportionate RV failure [11–13] 
may point to different patterns of RV pathology 
in this disease.

On a gross level, it is clear that RV hypertro-
phy is a key feature of the strained and failing 
RV. At the time of birth and switch from fetal to 
adult circulation patterns, the RV undergoes a 
profound shift from being a high-pressure, high- 
resistance pump to a low-pressure, high-flow 
conduit for blood to enter the pulmonary circula-
tion. Mechanical changes including high oxygen 
tension in the lungs and closure of the patent duc-
tus arteriosus facilitate this switch, but the molec-
ular changes of the RV at this time are unknown. 
What is clear is that the RV in the adult is a thin- 
walled structure with a morphology that is 
described elsewhere in this edition. In situations 
of acquired increased PVR, the RV increases in 
size, i.e., hypertrophies, to transition from a flow 
conduit to a pressure pump. This switch is 
thought to be required to maintain cardiac output 
in the face of increased load stress and thus adap-
tive. However, over time, the RV often fails and 
thus transitions to maladaptive hypertrophy. In 
congenital heart disease lesions that include per-
sistent elevations in pulmonary pressure after 
birth, the RV often retains the capacity to gener-
ate high pressures through persistent adaptive 
hypertrophy. This may underlie the well- 
described improved survival in congenital heart 
disease-associated PAH compared with idio-
pathic PAH in which the elevated pulmonary vas-
cular resistance occurs in the adult circulation 
[14]. Molecular triggers of this switch from com-
pensated hypertrophy to failing RV are presently 
unknown and active areas of research.
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 Molecular Mechanisms of RV Failure

Several molecular mechanisms have been identi-
fied to contribute to RV failure in animal models 
and humans including myocardial ischemia, neu-
rohormonal activation, metabolic dysregulation 
and mitochondrial dysfunction, sex hormone sig-
naling, and maladaptive myocyte hypertrophy. 
Ultimately, many of these processes potentiate 
one another leading to a cycle of worsening myo-
cardial failure (Fig.  2.1). Chronic myocardial 
ischemia leads to mitochondrial dysfunction and 
abnormal energy substrate utilization that then 
fails to provide adequate ATP for efficient myo-
cardial contraction. Ischemia is worsened by the 
development of maladaptive RVH and a compen-
satory increase in contractility is compromised 
by β(beta)-receptor downregulation from chronic 
neurohormonal stimulation. Much progress has 
been made in our understanding of these pro-
cesses in recent years with most available data 
coming from experimental models of PAH and 
human cardiac imaging.

 Ischemia and Angiogenesis

RV failure has been associated with both macro- 
and microvascular ischemia. We will touch on 
macrovascular ischemia first. Patients with PH 

develop increased myocardial wall stress due to 
increased RV pressure and dilation resulting in an 
increased myocardial oxygen demand [15]. A 
decrease in systemic blood pressure resulting 
from poor cardiac output combined with an 
increase in RV pressure augments a decrease in 
coronary perfusion pressure resulting in isch-
emia, often manifesting as chest pain in patients 
with PAH both at rest and with exercise [16]. 
Right ventricular myocardial ischemia has been 
documented in PAH using myocardial scintigra-
phy and correlates directly with increases in RV 
diastolic pressure [17]. Detailed study of coro-
nary flow patterns in PAH demonstrates a 
decrease in systolic flow in the right coronary 
artery compared to healthy controls and a 
decrease in total flow with increasing RV mass, 
indicating an imbalance between myocardial 
supply and demand [18]. Additional factors may 
contribute to supply/demand mismatch in PAH 
such as coronary compression from increased 
wall tension and hypoxemia due to impaired gas 
exchange.

In addition, there is growing evidence of 
microvascular dysfunction in the RV as well [19]. 
Initially noted, capillary loss and failure of new 
capillary growth in proportion to myocyte hyper-
trophy were demonstrated to differentiate angio- 
proliferative models of experimental PAH from 
RV pressure-overload models. In an  experimental 

RV
Failure

Elevated
Afterload

RV Ischemia
- Decreased coronary perfusion pressure
- Capillary rarefaction

RV hypertrophy

Neurohormonal
Activation

- Increased wall stress,
 oxygen demand

- Beta-receptor downregulation
- ↓ Inotropic reserve

Metabolic
dysregulation and

Mitochondrial
dysfunction

• Aerobic glycolysis 
• Decreased
 expression of FAO
 genes 
• Impaired
 mitochondrial
 biogenesis 

Inflammation

Fibrosis

Oxidant Stress

Genetics
Sex Hormones

Fig. 2.1 Molecular 
mechanisms of RV 
failure. Alone or in 
combination, the various 
mechanisms pictured 
have been implicated in 
the development of RV 
failure. Several 
molecular mechanisms 
of RV failure such as RV 
ischemia and 
hypertrophy occur 
primarily as a result of 
elevated RV afterload. 
However, others such as 
metabolic dysregulation 
and mitochondrial 
dysfunction may be 
inherent features of PAH
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model of PAH using the vascular endothelial 
growth factor (VEGF) receptor blocker (SuHx), 
RV failure was associated with decreased RV 
capillary density accompanied by a reduction in 
VEGF mRNA and protein transcription [9]. 
Capillary density and VEGF expression were 
unchanged in a model of early, adaptive hypertro-
phy using pulmonary artery banding, providing 
further evidence that RV failure is not governed 
solely by elevated afterload and highlighting the 
potentially critical role of decreased oxygen 
delivery in the failing right heart. Reductions in 
both VEGF and capillary density were shown in 
the monocrotaline model of PAH and genetically 
engineered reductions in VEGF have been shown 
to reduce capillary volume in the mouse myocar-
dium. Capillary density is also decreased in RV 
myocardium from humans with PAH who died of 
RV failure [20]. These data suggest that VEGF 
production in PAH may be insufficient to induce 
adequate angiogenesis relative to cardiac hyper-
trophy, resulting in RV ischemia. While capillary 
rarefaction is present in RV failure, it is unknown 
if reversal of this condition improves RV func-
tion. One particular mechanism underlying rar-
efaction may be miR-126 which is decreased in 
failing human RVs and mouse models of RV fail-
ure, while increased expression of miR-126 was 
associated with improved vascular density and 
RV function [21]. Moreover, the relevance to 
human disease has been called into question by 
studies using stereology to define RV vascularity 
in which the failing human PAH RV had an 
increase in total vascular length [22]. Further 
study is needed to understand the role of vascular 
volume in the failing RV.

There is an emerging literature supporting 
dysregulated angiogenesis, not simply insuffi-
cient capillary volume, in the failing RV. There 
are many regulators of angiogenesis that are rel-
evant to the RV [23] including genetic and epi-
genetic modulators [24, 25], transcription and 
growth factors, and immune cells that have been 
extensively reviewed elsewhere [26]. Perhaps 
best studied is VEG-F as described above. It is 
important to note that many studies use VEG-F 
inhibition in combination with hypoxia (SuHx) 
to study RV failure and thus there may be, not 

surprisingly, alterations in angiogenesis genes in 
this model compared to controls [27]. In addi-
tion, it is presently unknown if restoration of nor-
mal angiogenesis is beneficial to the RV.  In 
general, animal studies have focused on models 
of pulmonary vascular disease where indepen-
dent effects on the RV cannot be discerned [23].

 Neurohormonal Activation in RV 
Failure

Neurohormonal activation is likely both a cause 
and a consequence of RV failure. Elevated RV 
afterload results in an increase in norepinephrine 
to increase inotropy and renal vein hypertension 
decreases renal perfusion resulting in renin- 
angiotensin- aldosterone systemic (RAAS) acti-
vation. As in left-heart failure, the initial 
compensatory mechanisms of sympathetic sys-
tem and RAAS activation ultimately become det-
rimental in patients with right-heart failure. After 
prolonged stimulation, this results in downregu-
lation of β(beta)-receptors impairing RV inotro-
pic reserve and worsening RV failure. There is 
abundant evidence of neurohormonal activation 
in patients with RV failure: increased heart rate 
with reduced heart rate variability [28], increased 
plasma norepinephrine levels [29], decreased β1- 
receptor density in the RV in PAH, and increased 
muscle sympathetic nerve activity [30]. In addi-
tion, hyponatremia, an indirect marker of RAAS 
activation, is associated with reduced survival 
and RV failure in PAH [31]. Within the RV, there 
are data that this system is relevant to RV failure. 
Boehm et  al. demonstrated that increase in the 
pulmonary artery banding model increased min-
eralocorticoid receptor expression in the RV, 
though there was no improvement in RV function 
with eplerenone administration [32]. Focusing on 
angiotensin II, Friedberg and colleagues did 
demonstrate that losartan reduces RV hypertro-
phy and fibrosis in the pulmonary artery banding 
model, suggesting the relevance of this pathway 
to RV load stress responses [33].

The role of the sympathetic and parasympa-
thetic nervous system has also been queried in 
the failing RV and has been recently described in 
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detail [34]. There are limited data on therapeutic 
interventions to blunt neurohormonal activation 
in RV failure. In the case of β-blockers, clinical 
dogma has held that patients with RV failure are 
heart rate dependent and β-blockers would impair 
both chronotropic and inotropic reserve [35]. 
However, evidence from preclinical models of 
RV failure suggests a potential benefit from 
β-blockers [36–38]. In the SuHx and monocrota-
line PAH models, carvedilol, a β1,2- and α(alpha)1- 
blocker with potentially beneficial pleiotropic 
effects, was found to improve RV function and 
increase exercise capacity compared to vehicle- 
treated animals. These effects were associated 
with an increase in protein kinase G, decreased 
myocardial fibrosis, and increased RV capillary 
density [38]. Similarly, the β1-receptor blocker 
bisoprolol improved RV function in experimental 
PAH [23]. Early-phase clinical trials have been 
published with somewhat conflicting data on the 
effects of β-blockade in human PAH [39, 40], but 
they have generally not been adopted in clinical 
practice as therapy for RV failure. Elevated pul-
monary aldosterone expression is present in PAH 
and correlates directly with endothelin-1 secre-
tion [41]. Treatment with aldosterone antagonists 
in the SuHx and monocrotaline PAH models 
reduces pulmonary pressure and PVR without 
significant systemic side effects [42]; however 
there are no definitive trials of mineralocorticoid 
receptor antagonists in RV failure, only demon-
strations of their safety [43]. Interestingly, recent 
data has suggested that impaired parasympathetic 
nervous system activity is present in PAH- 
associated RV failure and that drugs to increase 
activity may be beneficial [44]. Human trials are, 
however, presently lacking on these 
interventions.

 Right Ventricular Metabolism 
and Mitochondrial Function

In patients with PH, chronically increased pul-
monary pressure and pulmonary vascular resis-
tance result in a stimulus for compensatory RV 
hypertrophy (RVH), thereby increasing myocar-
dial metabolic demand. Decreased coronary per-

fusion pressure and capillary rarefaction limit 
oxygen supply, leading to RV ischemia and oxy-
gen supply/demand mismatch. Evidence from 
both experimental models and human PAH sug-
gests that the ability of the myocardium to main-
tain energy substrate flexibility in the setting of 
RVH and ischemia is an important determinant of 
RV failure. In the normal adult heart, fatty acid 
oxidation accounts for the majority of energy 
supply and metabolic flexibility exists to use glu-
cose as an additional fuel source. Recent evi-
dence suggests that RVH and RV failure is 
associated with increased utilization of glycoly-
sis for ATP production, even in the setting of 
abundant oxygen when oxidative metabolism 
would otherwise be used [45, 46]. This process, 
well described in cancer cells, is hypothesized to 
be advantageous because these cells are less reli-
ant on oxygen for energy production and can 
therefore proliferate in regions of relative hypoxia 
[47]. Direct measurement of increased RV gly-
colysis has been demonstrated in the monocrota-
line PAH model [48]. Increased glycolysis (and 
decreased glucose oxidation) in this model is 
shown to be due to increased pyruvate dehydro-
genase kinase (PDK) activity, which inhibits con-
version of pyruvate (the product of glycolysis) to 
acetyl CoA, the substrate for Krebs cycle initia-
tion. Failure to produce additional ATP from glu-
cose oxidation results in decreased oxygen 
consumption and impaired RV function. 
Increased RV glucose uptake in human PAH has 
been shown in several studies using 
18F-fluorodeoxyglucose (FDG) positron- emission 
tomography (PET) [49–51]. Although this sug-
gests an increase in glycolysis given the findings 
in experimental PAH, it is difficult to draw defini-
tive conclusions because FDG uptake does not 
directly measure glycolysis but simply glucose 
uptake. Combination of FDG with other PET 
tracers measuring oxidative metabolism may 
help determine the relative activity of glycolysis 
and fatty acid oxidation in the human RV.

Glucose oxidation and fatty acid oxidation are 
reciprocating processes in the mitochondria—as 
one increases the other decreases and vice versa 
through Randle cycle [52]. This feedback facili-
tates metabolic flexibility, which is particularly 
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critical for myocardial function in times of nutri-
tional restriction. This cycle has been exploited 
for therapeutic purposes in experimental PAH in 
which the PDK inhibitor dichloroacetate and 
fatty acid oxidation inhibitors trimetazidine and 
ranolazine have improved RV function [53, 54]. 
However, recent data from our group and others 
has shown that impaired fatty acid oxidation may 
underlie RV failure in PAH [55–58]. Our group 
first demonstrated that in both human PAH RVs 
and in a rodent model of BMPR2 mutation with 
RV failure, there is lipid deposition consistent 
with lipotoxicity. This lipid accumulation is due 
to both increased lipid import into cardiomyo-
cytes and impaired mitochondrial fatty acid oxi-
dation, and the net result is increased cytoplasmic 
triglyceride and ceramide causing lipotoxicity 
[56, 57]. Others have demonstrated similar find-
ings in the SuHx rodent model [58]. Importantly, 
lipid deposition is not a unique feature of end- 
stage RV failure and is demonstrable in humans 
with early RV strain [55]. Whether lipid deposi-
tion is reversible is an unanswered question. 
There is some preliminary data from a pilot study 
of metformin, which enhances fatty acid oxida-
tion in addition to increasing glucose sensitivity, 
that this drug may reduce RV lipid content in 
humans with PAH [59], but more data is needed. 
Other approaches to modulating fatty acid oxida-
tion such as PPARγ have shown promise in pre-
clinical studies [27, 60, 61] and may be 
appropriate for further study in humans.

Mitochondrial dysfunction is present in both 
adaptive and maladaptive RVH and forms the 
basis for the abnormal energy metabolism 
observed in RV failure described above. RV fail-
ure in the monocrotaline model of PAH is associ-
ated with decreased expression of genes required 
for fatty acid oxidation and mitochondrial bio-
genesis as well as reduction in mitochondria 
number per gram of tissue and oxidative capacity 
[62]. Similar mitochondrial dysfunction was not 
observed in a pulmonary artery banding model 
suggesting that mitochondrial metabolic remod-
eling may be an inherent feature of RV failure in 
PAH and not simply a consequence of elevated 
RV afterload. The observation of mitochondrial 
hyperpolarization in RV tissue from humans with 

PH further indicates the presence of mitochon-
drial dysfunction in RVH [63]. Dysfunction in 
mitochondria including number, size, and master 
regulators of biogenesis has been extensively 
studied and published in PAH and well described 
elsewhere [23].

There are early trials of metabolic interven-
tions in the failing RV in PAH targeting RV 
metabolism. The pilot study of metformin was 
discussed above. Dichloroacetate, an inhibitor of 
PDK, has been studied in a clinical trial where its 
effect was primarily in the pulmonary vascula-
ture and appeared to be modulated by sirtuin-3 
and uncoupled protein 2 gene variants [64]. 
Clinical trials of ranolazine, which inhibits fatty 
acid oxidation, are presently listed in clinicaltri-
als.gov but have not been published yet. In sum-
mary, while it is well accepted that there is 
metabolic dysfunction in the RV in PAH, many 
questions remain about how, when, and if inter-
vention on these abnormalities will improve RV 
function.

 Sex Hormones

Although PAH has been known for decades to be 
female predominant [65, 66], it has recently 
come to light that males with PAH tend to have 
worse outcomes than women with PAH [67, 68]. 
This observation has led to studies of the effects 
of sex hormones on the RV, as poorer RV func-
tion has been identified in males with PAH [68–
70]. Not surprisingly, cardiomyocytes express 
receptors for sex hormones and are capable of 
sex hormone production and metabolism [71, 
72]. Findings of sex hormones in the plasma of 
patients with PAH have been recently reviewed 
[23] and there is a growing literature on the 
molecular underpinnings of these observations. 
Estrogen (E2) has been recently identified to 
have RV-protective effects. Using hormone 
depletion and repletion experiments, Frump et al. 
showed that E2 reduces RV hypertrophy, 
improves function, and, on a molecular level, 
reduces pro-apoptotic signaling, oxidative stress, 
and mitochondrial dysfunction using rodent 
models [73–75]. There has been limited research 
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on testosterone in the RV, where it appears to 
cause increased fibrosis and excess mortality in 
the pulmonary artery banding model [76]. There 
are ongoing trials of modulation of estrogen sig-
naling using tamoxifen (clinicaltrials.gov 
NCT03528902) and anastrozole (clinicaltrials.
gov NCT03229499) and the effects of these 
interventions on RV function will be closely 
assessed. A pilot study of anastrozole suggested 
potential safety for the RV [77].

 Other Causes of RV Failure

Additional contributing mechanisms for RV fail-
ure may include inflammation, oxidant stress, 
and fibrosis though the relative importance of 
these processes is not well understood. 
Myocardial fibrosis is present on cardiac MRI 
(CMR) in patients with RV failure as well as his-
tology in experimental models of PAH. Fibrosis 
on CMR correlates with pulmonary hemodynam-
ics and independently predicts clinical worsening 
in PAH [78]. Whether fibrosis is a consequence 
of chronic myocardial mechanical strain or myo-
cardial ischemia [46] or an independent patho-
logic process as a result of endothelial cell 
dysfunction is not known [79, 80]. Recent work 
has called into question the hypothesis that all 
fibrosis is maladaptive as there may be a role for 
collagen in strengthening the myocardium in an 
adaptive effort to preserve function in the context 
of increased load stress [81]. Evidence of RV 
fibrosis and its molecular origins have been 
reviewed elsewhere [81].

 Genetics of RV Failure

 BMPR2

A major hindrance to the study of right-heart fail-
ure has been the limitations of currently available 
animal models. Monocrotaline, SuHx, and pul-
monary artery banding all have heterogeneous 
effects on RV size and function and are of ques-
tionable relevance to human diseases. Transgenic 
models would facilitate a more detailed molecu-

lar dissection of the signaling pathways key to 
the development of RV failure. Archer et al. have 
used the fawn-hooded rat to identify the key met-
abolic derangements in RV failure [82]. Our 
group has described worse survival in patients 
with heritable PAH compared with idiopathic 
PAH that may be due to impaired RV compensa-
tion in heritable PAH [83]. Heritable PAH is most 
commonly associated with mutations in the bone 
morphogenic protein receptor type 2 (BMPR2), 
for which there are transgenic rodent models [84, 
85]. As above, we have found evidence of reduced 
fatty acid oxidation intermediaries associated 
with lipid deposition in humans with heritable 
PAH and in transgenic mice with similar muta-
tion that is universally expressed [55–57]. 
Moreover, hypertrophic responses in this strain 
appear to be impaired [86]. The use of transgenic 
models to study RV failure will facilitate a deeper 
molecular understanding of the mechanisms that 
drive the development of this syndrome with par-
ticular relevance to humans and potentially point 
to new, effective therapeutic targets.

 RV Failure in Non-group 1 PH

Despite the growing recognition of the impor-
tance of RV failure in non-group 1 PH, little is 
known about the molecular mechanisms underly-
ing RV failure in the absence of PAH.  Clinical 
and translational studies, however, suggest that 
PAH-related RV failure may share pathophysio-
logic overlap with PAH-related RV failure, spe-
cifically with respect to metabolic dysregulation 
[23, 87–89]. In the subset of patients with PH due 
to left-heart disease, patients with concomitant 
obesity or metabolic syndrome are at the greatest 
risk for adverse structural RV remodeling and 
development of RV failure [89, 90]. Supporting 
the connection between obesity, metabolic syn-
drome, and RV failure, recent translational stud-
ies have also identified that obesity is associated 
with activation of a unique transcriptional pro-
gram in myocardial biopsies from patients with 
heart failure and RV dysfunction, and isolated 
RV cardiomyocytes from obese patients with 
heart failure show impaired contractility 
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 compared to nonobese patients with heart failure 
[91]. However, the precise molecular pathways 
that lead to RV failure from obesity and meta-
bolic syndrome in non-PAH-related conditions 
are less well understood because relatively few 
preclinical models have systematically investi-
gated RV function [92–94]. In two models utiliz-
ing rodents prone to obesity and insulin resistance 
in the presence of high-fat diet, RV dysfunction 
was an early manifestation of heart failure [93, 
94], somewhat similar to phenotypes that have 
been identified in humans [87]. One study identi-
fied the natriuretic peptide clearance receptor 
(NPRC), a gene highly upregulated in the setting 
of obesity and associated with insulin resistance 
[95], as the most upregulated gene in the diseased 
RV [94]. The second study identified both cardiac 
and extracardiac dysregulation of metabolism by 
sirtuin-3, an intracellular regulator of mitochon-
drial function and AMP kinase, as a primary 
driver of RV dysfunction [93]. Broad metabolic 
dysregulation and mitochondrial dysfunction 
have also been reported in multiple studies of 
diabetic cardiomyopathy-related RV failure 
(reviewed in [96]).

 Future Directions

Preclinical studies of metabolic modulation have 
shown promise for the treatment of RV failure 
and pilot clinical trials of metabolic therapy for 
RV failure in human PAH are underway (metfor-
min and exercise clinicaltrials.gov 
NCT03617458). If successful, metabolic modu-
lators may represent the first RV-specific heart 
failure therapies. Whether these therapies will be 
efficacious in RV failure of other etiologies is 
unknown. A parallel focus on RV function in 
addition to pulmonary vascular disease is critical 
given the strong prognostic power of RV function 
in PAH. Future clinical trials of pulmonary vaso-
dilator therapies should also include RV-specific 
functional outcomes [97]. Additional clinical 
studies are needed to determine the optimal med-
ical management for acute RV failure, including 
a direct comparison of different inotropic agents.

The current noninvasive evaluation of RV 
function with echocardiography and CMR is 
largely descriptive and does not allow for early 
detection of impending RV failure. Molecular 
imaging tools that provide a more mechanistic 
understanding of RV pathophysiology should be 
expanded and potentially extended into clinical 
practice. PET imaging with metabolic tracers 
such as FDG, 11C acetate, and others can provide 
detailed information about mitochondrial func-
tion and metabolic remodeling in the RV.  PET 
may ultimately provide superior biomarkers and 
clinical trial endpoints of therapeutic efficacy 
compared to conventional metrics. Finally, given 
the impact of metabolic dysregulation on RV 
function, broad metabolite profiling may provide 
novel insights into the metabolic etiology of both 
acute and chronic RV failure. Because they are 
downstream of transcription, translation, and 
posttranslational modifications, metabolites 
reflect early alteration in the body’s response to 
disease. A metabolomics approach has previ-
ously been used to detect early metabolic changes 
after myocardial infarction and identify markers 
of cardiopulmonary fitness [98, 99] and may bear 
fruit in the study of RV failure.
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Abbreviations

COPD Chronic obstructive pulmonary 
disease

CTEPH Chronic thromboembolic pulmonary 
hypertension

CYP3A4 Cytochrome P450
FDG 18F-fluorodeoxyglucose
FHR Fawn-hooded rat
HFD High-fat diet
LAD Left anterior descending
LHD Left-heart disease
LV Left ventricular
MCT Monocrotaline
MCTP Dehydromonocrotaline
MI Myocardial infarction

MMP Matrix metalloproteinase
MS Metabolic syndrome
OSA Obstructive sleep apnea
PA AcT Pulmonary artery acceleration time
PAB Pulmonary artery banding
PAH Pulmonary arterial hypertension
PAP Pulmonary artery pressure
PH Pulmonary hypertension
PVR Pulmonary vascular resistance
RV Right ventricle
SUHx Sugen plus hypoxia
TAC Transverse aortic constriction
TUNEL Terminal deoxynucleotidyl transfer-

ase dUTP nick end labeling
VEGF Vascular endothelial growth factor

 Introduction

The ability of the right ventricle to adapt to 
changes in load is the most important determi-
nant of survival in patients suffering from pul-
monary arterial hypertension (PAH), despite a 
predominant occlusive pulmonary vasculopathy 
of pulmonary arteries [1–4]. Our knowledge of 
the molecular physiology and pathophysiology 
of RV adaptation and the transition towards fail-
ure in response to pressure or volume overload 
are still limited, and most data are derived from 
research on the left heart, with increasing efforts 
and studies focusing on the right ventricle of the 
heart [5]. However, molecular mechanisms 
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involved in left ventricular (LV) remodeling can-
not be generalized to the right ventricle because 
the ventricles differ substantially in their devel-
opmental origin, morphology, and function. 
Furthermore, despite recent advances in the 
treatment of PAH which relieve symptoms, 
prognosis and long-term survival of patients are 
still poor [6]. Currently approved therapies act 
primarily through vasodilation of pulmonary 
vessels, leaving processes that drive the progres-
sive narrowing of pulmonary vessels unchecked 
[7–9].

Therefore, novel, safe, and efficacious thera-
pies are warranted that directly halt disease pro-
gression either by blocking fundamental 
disease-causing processes in the pulmonary vas-
cular compartment or by intrinsically strengthen-
ing RV adaptation to an increased afterload 
burden in order to prevent or delay RV decom-
pensation, failure, and death [10]. The develop-
ment of such therapies requires testing of putative 
therapeutics in animal models that resemble key 
features of the human situation. Since pulmonary 
vascular and RV remodeling are multifaceted 
processes and, at least in part, dependent on each 
other, focused investigations into several animal 
models that reflect different angles of the disease- 
causing processes are often necessary to allow 
meaningful and clinically relevant conclusions 
[5, 11]. Scientists frequently combine knowledge 
acquired from different models to uncover key 
pathophysiological mechanisms of RV 
remodeling.

Numerous studies have demonstrated the ben-
efits of large-animal pulmonary hypertension 
(PH) models by recapitulating humanlike PH 
lung phenotypes, in species including primates 
[12], calves [13], sheep [14], pigs [15], and dogs 
[16]. In addition, large animals occasionally 
allow modeling of mechanisms that are techni-
cally challenging in smaller animals such as 
rodents, due to size constraints. However, large- 
scale therapeutic testing in large animal models is 
economically and technically challenging, and 
increasingly perceived as inacceptable for ethical 
reasons [17]. The practical advantages of rodents 
over many large animals include their short ges-
tation period and low breeding and housing costs. 

In addition, deciphering of the rodent genome 
together with the possibility of specific transgene 
insertion to generate custom genetically modified 
mouse and rat strains allows for detailed pharma-
cological as well as molecular-mechanistic stud-
ies with a clear focus on the cardiopulmonary 
system, aiming to better understand the physiol-
ogy and pathology of human disease. The opti-
mal phenotyping of such cardiopulmonary rodent 
animal models includes adequate longitudinal 
noninvasive imaging approaches (e.g., echocar-
diography or magnetic resonance imaging) of a 
single animal during disease progression com-
bined with invasive intracardiac hemodynamic 
characterization of cardiopulmonary function. 
Technological advancements allow for such phe-
notyping approaches even in juvenile mice [5, 
11]. Therefore, scientists increasingly take 
advantage of these techniques to closely monitor 
disease progression and gain a deeper under-
standing of the underlying disease mechanisms.

PH in small animal models is broadly defined 
as a chronic increase in PA/RV pressure, and PH 
rodent models are classified—in analogy to 
humans—according to the World Health 
Organization nomenclature (Table  3.1). This is 
important as some models are used across differ-
ent classifications (such as the hypoxia mouse 
model), while others are difficult to assign to the 
given categories (such as genetically modified 
mice). Disease-related changes in RV structure 
and function are often a direct consequence of 
changes in pre- and/or afterload (Table 3.2), and 
therefore it is difficult to decipher whether thera-
peutic interventions primarily interfere with the 
pulmonary or with the cardiac compartment. 
Novel models, such as the pulmonary artery 
banding model, in which changes in RV structure 
and function can be studied without interfering 
afterload alterations, have already assisted scien-
tists to decipher afterload-dependent and -inde-
pendent effects of putative therapeutics (Fig. 3.1).

Although our understanding of RV adaptation 
and maladaptation has significantly improved 
over the years, detailed knowledge of the rele-
vance of several (patho-) physiological features 
underlying the RV response to pressure overload, 
such as RV fibrosis, cardiomyocyte hypertrophy, 
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or decreased RV capillarization, is still lacking 
[5]. A better understanding of the mechanisms 
that underlie the transition from RV adaptation 
towards maladaptation, decompensation, and 

failure is a strong focus of current research [18]. 
Below, we focus on the right ventricle in rodent 
animal models and discuss mechanisms that 
affect the right ventricle and pulmonary 

Table 3.1 World Health Organization classification of PH and small animal models

Group of PH Animal models
Group 1 PAH MCT-induced PAH in rats

MCT + pneumonectomy in rats
Sugen + hypoxia in rats and mice
Fawn-hooded rat
Schistosomiasis in mice

Group 2 PH due to left-heart disease TAC in mice and rats
Acute MI model
Metabolic syndrome in mice and rats

Group 3 PH due to lung disease and/or hypoxia Hypoxia-induced PH in mice and rats
Chronic intermittent hypoxia in mice
COPD models or smoke exposure model in mice
Bleomycin-induced pulmonary fibrosis
Lung cancer-associated PH in mice

Group 4 CTEPH Repeated microembolization with microspheres in rats
Group 5 PH with unclear and/or multifactorial mechanism –

COPD chronic obstructive pulmonary disease, CTEPH chronic thromboembolic pulmonary hypertension, MCT mono-
crotaline, MI myocardial infarction, PAH pulmonary arterial hypertension, PH pulmonary hypertension, TAC transaor-
tic constriction

Table 3.2 Animal models and the right ventricle

Animal model
Precapillary 
arteriopathy

Plexiform-like 
lesions RVSP RVH

RV 
function

RV 
fibrosis

RV 
vascularization

MCT rat model ↑+ – ↑+ ↑+ ↓+ ↑+ ↓+
MCT + pneumonectomy ↑+ ↑+ ↑+ ↑+ ↓+ NA NA
Chronic hypoxia in rats ↑+ – ↑+ ↑+ ↓+ ↑+ NA
Chronic hypoxia in mice ↑+ – ↑+ ↑+ ↓+ ↑+ NA
SUHx in rats ↑+ ↑+ ↑+ ↑+ ↓+ ↑+ ↓
SUHx in mice ↑+ ↑+ ↑+ ↑+ ↓+ NA NA
Lung cancer-associated 
PH in mice

↑+ – ↑+ ↑+ ↓+ ↑+ NA

PAB in rats – – ↑+ ↑+ ↓ or ↔ ↑ or ↔ ↓ or ↔
PAB in mice – – ↑+ ↑+ ↓+ ↑+ NA
Schistosomiasis ↑+ ↑+ ↑+ ↑+ ↓+ NA NA
TAC ↑+ – ↑+ ↑+ ↓+ ↑+ NA
MI ↑+ – ↑+ or ↔ ↑ or ↔ ↓+ ↑+ NA
Metabolic syndrome
SAB + HFD + olanzapine

↑+ – ↑ NA ↓+ – –

Smoke exposure model ↑+ – ↑+ ↑+ NA NA NA
Intermittent hypoxia ↑+ – ↑+ ↑+ NA NA NA

MCT monocrotaline-induced pulmonary arterial hypertension, MI myocardial infarction, NA data not available, PAB 
pulmonary artery banding, RV right ventricular, RVH right ventricular hypertrophy, RVSP right ventricular systolic pres-
sure, SUHx Sugen + hypoxia model of pulmonary arterial hypertension, TAC transaortic constriction, SAB supracoro-
nary artery banding, HFD high-fat diet, ↑+ present and increased, ↔ no change, ↓+ present and decreased,  – not 
present
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vasculature in response to a variety of chemical 
(e.g., monocrotaline [MCT]) and environmental 
(e.g., hypoxia) stimuli.

 MCT-Induced PAH

MCT-induced PAH remains a frequently investi-
gated model. MCT is an 11-membered macrocy-
clic pyrrolizidine alkaloid derived from the seeds 
of the Crotalaria spectabilis plant. After a single 
subcutaneous or intraperitoneal injection of 
MCT, the alkaloid is converted in the liver by 
cytochrome P450 (CYP3A4) to the reactive pyr-
role metabolite dehydromonocrotaline (MCTP) 
[19–21], which in turn causes endothelial cell 
injury in the pulmonary vasculature with subse-
quent remodeling of the precapillary vessels 
(medial thickening and de novo muscularization 
of small pulmonary arterioles) and progressive 
PH and RV failure [22, 23].

The response to MCT is variable among spe-
cies, strains, and even individual animals due to 

differences in the hepatic metabolism by cyto-
chrome P450 [24]. While MCT injection leads to 
severe PAH in rats, the injection or oral applica-
tion of MCT in mice causes liver damage [25], 
modest pulmonary fibrosis [26–28], and immu-
notoxicity [29, 30], but not PH. This phenome-
non can be explained by the fact that the liver 
metabolism of MCT to MCTP by the cytochrome 
P450 system may differ between rats and mice 
[20, 31]. However, our group has recently dem-
onstrated that after MCTP injection, mice develop 
a typical early-phase acute lung injury character-
ized by lung edema, neutrophil influx, hypox-
emia, reduced lung compliance, and high 
mortality. In the late phase, MCTP injection 
resulted in limited lung fibrosis and no obvious 
PH [32]. Therefore, the MCT rat model of PH 
remains a model favored by many investigators.

Although the MCT model has been in use for 
several decades, the basic mechanisms that 
underlie the induction of PH in this model 
remain unclear. It is known that the active MCTP 
rapidly causes pulmonary artery endothelial cell 
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Fig. 3.1 Pulmonary vascular changes in animal models 
of pulmonary hypertension. Representative images of lung 
vessels from human idiopathic pulmonary arterial hyper-
tension (PAH) (a) and different models of PH: monocrota-
line-induced PAH (b); monocrotaline + pneumonectomy 

(c); hypoxia-induced pulmonary hypertension in rats (d); 
Sugen  +  hypoxia (SUHx)-induced pulmonary arterial 
hypertension in rats (e); hypoxia- induced pulmonary 
hypertension in mice (f)

M. Boehm et al.



31

injury, pulmonary arterial medial hyperplasia, 
interstitial edema, adventitial inflammation, 
hemorrhage, and fibrosis [24, 33–35]. As a 
result, pulmonary vascular resistance (PVR) 
increases and RV hypertrophy and failure occur. 
Several investigators demonstrated that a single 
MCT injection leads to time- and dose-depen-
dent abnormalities in the pulmonary vasculature 
and RV hypertrophy as well as abnormalities in 
function. It was shown that a single exposure of 
rats to MCT at a dose of 60–100 mg/kg results 
in PH and RV hypertrophy, dilatation, and fail-
ure in 3 or 4  weeks, and leads to mortality in 
most rats within 4–8 weeks [36–39]. In contrast, 
MCT at a dose of 30 mg/kg induces compensa-
tory RV hypertrophy without signs of RV sys-
tolic dysfunction, but with diastolic dysfunction 
[38, 40], 4  weeks after injection. Recently, 
Ruiter et al. published an interesting observation 
[41]: the authors demonstrated that an injection 
of 40 mg/kg of MCT induces acute musculariza-
tion of the smallest pulmonary arterioles, 
together with high PVR, RV hypertrophy, and 
diminished RV  function, as measured by echo-
cardiography and confirmed by invasive hemo-
dynamic measurement. However, 8 and 
12 weeks after MCT administration, pulmonary 
arteriolar abnormalities were resolved, accom-
panied by normalization of RV function, 
although cardiomyocyte hypertrophy was main-
tained. The authors concluded that MCT-
induced PH is reversible after 4 weeks and does 
not resemble the progressive nature of human 
PH [41]. This observation needs to be confirmed 
in a larger cohort of animals.

Nevertheless, numerous published reports 
have proposed that subcutaneous injection of 
30–60  mg/kg of MCT in rats is appropriate to 
study compensatory and maladaptive RV remod-
eling. Many factors such as neurohormonal acti-
vation, oxidative and nitrosative stress, immune 
activation, myocardial ischemia, and cardiomyo-
cyte apoptosis are involved in reprogramming the 
heart from adaptive to maladaptive remodeling. 
The underlying mechanisms of RV hypertrophy 
and failure in MCT rats are extremely complex 
and still not well defined. Several studies demon-
strate that despite a similar degree of pulmonary 

artery pressure (PAP) or RV systolic pressure in 
rats treated with MCT and rats subjected to PAB 
or Sugen plus hypoxia (SUHx), the severity of 
RV failure and mortality in MCT rats remains 
extremely high [42–45]. It is still not clear 
whether RV failure is associated with heart 
inflammation/myocarditis due to direct effects of 
MCT on the RV myocardium [46, 47], or if it is a 
secondary effect due to pulmonary vascular 
injury and release of mediators which can 
increase stress on the right ventricle and lead to 
maladaptive RV hypertrophy.

Histomorphological evaluation of RV tissue 
demonstrated that MCT rats exhibit increased 
levels of RV interstitial and perivascular collagen 
deposition levels [43], which continuously 
increase throughout RV disease progression, 
being highest during RV failure [48]. In contrast, 
serial noninvasive measurements by scintigraphy 
with 99mTc-annexin, also confirmed by 
 autoradiography and terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) 
assay, show that in right ventricles of MCT rats, 
cardiomyocyte apoptosis occurs at the early com-
pensatory disease stage and declines, while still 
remaining significantly increased, when RV fail-
ure has occurred [48, 49].

Few reports have addressed the role of inflam-
mation in RV remodeling in MCT-induced PH. It 
has been shown that progressive RV failure is 
associated with an increased number of leuko-
cytes in the right but not the left ventricle [50]. 
However, in rats subjected to a low dose of MCT 
(40 mg/kg) the number of CD45-positive leuko-
cyte cells was comparable with that in healthy 
control animals [41, 47]. Additionally, it was 
reported that inflammation, assessed noninva-
sively by 67Ga (an agent that binds to transferrin, 
leukocyte lactoferrin, bacterial siderophores, 
inflammatory proteins, and cell membranes in 
neutrophils), is elevated at an early compensatory 
stage of RV hypertrophy, reaches its highest lev-
els at the stage of RV dilatation, and remains 
elevated compared with baseline throughout dis-
ease progression to RV failure [51]. In parallel, 
high immunoreactivity and elevated levels of 
matrix metalloproteinase (MMP)-2 and MMP-9 
were found in RV tissue of MCT rats [52]. 
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Electrophysiological studies revealed that in 
MCT rats, all of the abovementioned changes in 
the failing heart can lead to RV electrical remod-
eling, arrhythmias, and even spontaneous ven-
tricular fibrillation, which may be considered to 
be the main reasons for high mortality in this 
model [53–55].

Additionally, there is growing evidence that 
an oxygen supply/demand mismatch and meta-
bolic changes in the right ventricle play an impor-
tant role in adaptive or maladaptive RV 
remodeling [56]. RV capillary rarefaction is one 
phenomenon that leads to maladaptive RV 
remodeling. Interestingly, some studies examin-
ing capillary density in MCT rats demonstrated 
reduced numbers of capillaries and downregu-
lated vascular endothelial growth factor (VEGF) 
expression in advanced MCT-induced RV failure 
[50, 56, 57]. In parallel, it was suggested that the 
failing right ventricle is characterized by abnor-
mal metabolism due to the pressure overload. It 
was demonstrated that 18F-fluorodeoxyglucose 
(FDG) uptake in the lungs of MCT animals 
increases with progression of the disease, and 
MCT treatment also leads to reduction of oxygen 
consumption and increased glycolysis as well as 
FDG uptake in the failing right ventricle [44, 58]. 
Similar findings were observed in patients with 
idiopathic PAH and congenital heart disease [59]. 
These studies indicate that increased FDG uptake 
by the lung and the right ventricle reflects the 
metabolic state of the small pulmonary arteries 
and the pressure-overloaded right ventricle, and 
therefore can be used as an early diagnostic 
marker of disease severity and might be useful 
for PAH monitoring.

Although several studies demonstrate the 
role of long noncoding RNAs (LncRNAs) in 
cardiovascular diseases, including PAH [60–
62], the contribution of LncRNAs in RV adap-
tation in response to pressure overload still 
needs to be elucidated. A recently published 
report suggested that LncRNA, specifically 
H19, is upregulated in the decompensated RV 
from PAH patients and monocrotaline-induced 
PH and correlates with biochemical and histo-
logical markers of maladaptive RV remodeling. 
The authors demonstrate that the silencing of 

H19 limits pathological RV hypertrophy, fibro-
sis, and capillary rarefaction, thus preserving 
RV function in monocrotaline and pulmonary 
artery banding rats without affecting pulmo-
nary vascular remodeling, suggesting that cir-
culating H19 might be a useful biomarker for 
the assessment of the severity of the disease and 
prognosis [63].

Thus, as mentioned above, MCT-induced PH 
in rats is still a suitable model in which to study 
compensatory and maladaptive RV remodeling.

 MCT Plus Pneumonectomy

As mentioned above, the MCT rat model is the 
most frequently used model in which animals 
develop PAH with endothelial damage, vascular 
smooth muscle hypertrophy, and severe RV fail-
ure. However, in this model the plexiform-like 
vascular lesions that are found in human PAH do 
not occur. Since the MCT model does not fully 
reflect the clinical or pathological picture seen in 
human PAH, efforts have been made to modify 
this model to induce progressive pulmonary vas-
cular disease with neointimal changes. Thus, 
Okada et al. established a new animal model in 
which MCT administration is followed by unilat-
eral pneumonectomy [64]. The authors compared 
the changes in pulmonary vasculature in MCT 
plus pneumonectomy animals with the changes 
in those receiving MCT or pneumonectomy 
alone. They found that neointimal changes devel-
oped in more than 90% of all right-lung intra- 
acinar vessels in rats subjected to MCT injection 
plus pneumonectomy, but not in animals receiv-
ing either MCT or pneumonectomy alone. 
Additionally, they demonstrated that animals 
with a neointimal pattern of remodeling devel-
oped more severe RV hypertrophy compared 
with animals receiving MCT or pneumonectomy 
alone [64, 65]. Importantly, other investigators 
were able to reproduce this observation [65–67]. 
Despite the fact that the exact mechanisms that 
lead to neointimal formation in this model are 
still unknown, it is clear that the combination of 
MCT-induced endothelial lung injury and 
increased vascular shear stress and blood flow to 
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the remaining lung due to pneumonectomy is 
necessary to produce neointimal formation.

White et al. administered MCT to young rats 
following pneumonectomy and found that 
younger animals develop a more severe pheno-
type and die earlier than in previously reported 
models [64, 68]. This more severe phenotype was 
associated with plexiform-like lesions, severe 
vascular pruning, and networks of disorganized 
capillaries. Unfortunately, none of these studies 
investigated the RV histomorphological changes 
and function in detail, and therefore additional 
studies are required to distinguish the mecha-
nisms involved in the formation of occlusive and 
plexiform-like lesions in this model.

 Hypoxia-Induced PH

Chronic hypoxia is the most commonly used 
physiological stimulus for PH development in 
animal models. This experimental model of PH 
represents group 3 of the WHO PH classification. 
Exposure of animals to normobaric or hypobaric 
hypoxia for 2 weeks or longer induces PH in a 
wide variety of animal species including rats, 
mice, guinea pigs, dogs, cows, pigs, and sheep. 
The most commonly used species in laboratory 
models of PH are rats and mice. The hypoxia 
model is useful because it is very predictable and 
reproducible within the selected animal species 
as well as strain. However, there is a great vari-
ability in responses to chronic hypoxia between 
species [24]. The most common pathological 
findings are muscularization of previously non-
muscularized vessels and a moderate medial 
thickening of muscular resistance vessels. Both 
pulmonary smooth muscle cells and adventitial 
fibroblasts proliferate under hypoxia [24, 69, 70]. 
These features are largely reversible on return to 
normoxic conditions.

 Chronic Hypoxia in Mice

The mouse is a widely used species for the 
investigation of a growing number of disease 
states. In particular, the availability of knockout 

and transgenic mouse strains allows us to under-
stand the molecular mechanisms of diseases 
more precisely. Chronic exposure of mice to a 
hypoxic environment leads to pulmonary vaso-
constriction, endothelial dysfunction, extracel-
lular matrix deposition, muscularization of 
previously nonmuscularized vessels, medial 
thickening of muscular resistance vessels, and 
subsequently an elevation in PAP, PVR, and RV 
hypertrophy [71–74].

Despite the fact that many investigators have 
extensively studied the mechanisms of hypoxia- 
induced pulmonary vascular remodeling in 
rodents, the mechanisms underlying RV hyper-
trophy and failure in hypoxic models remain 
largely elusive. Recent advances in noninvasive 
high-resolution imaging techniques allow us to 
characterize heart function in rodent models of 
PH more precisely. Basic parameters such as RV 
internal diameter, pulmonary artery acceleration 
time (PAAcT), or ratio of PAAcT to pulmonary 
artery ejection time, cardiac output, and tricuspid 
annular plane systolic excursion have been 
described and validated in humans and rodents 
[75–79].

The results of hemodynamic and echocardio-
graphic studies in hypoxic mice showed that 
mice developed mild or moderate PH with short-
ened PAAcT, and RV hypertrophy with preserved 
systolic function [77, 80, 81], or in some cases 
mild systolic dysfunction [73, 82–84]. Only one 
study quantified collagen content in the right ven-
tricle by immunohistochemistry, and in this study 
the authors showed increased collagen content in 
hypoxic mice [74]. However, it should be men-
tioned that responses to hypoxia in mice are 
strain specific, and that intraspecies comparisons 
could vary significantly depending on the strains 
compared. For example, in a recently published 
article, the authors demonstrated that Ras asso-
ciation domain family 1A (RASSF1A) might 
play a significant role in hypoxia-induced PH and 
RV function. The authors demonstrate that 
RASSF1A is significantly upregulated in the 
lungs of mice exposed to hypoxia compared to 
normoxic mice, while RASSF1A inactivation 
protected mice against chronic hypoxia-evoked 
right-heart abnormalities such as enlargement of 
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RV, increase of end-diastolic and end-systolic 
volumes, and augmentation of RV mass [85].

 Chronic Hypoxia in Rats

Hypoxic rats develop more severe PH than 
hypoxic mice. However, there is considerable 
variability in the magnitude of the response to 
chronic hypoxia exposure in different rat strains 
due to genetic origin. For example, the fawn- 
hooded rat (FHR) is a strain in which PH occurs 
spontaneously [86], and it appears to be more 
susceptible to the development of more severe 
PH than control rats even after exposure to only 
mild hypoxia [87]. FHRs show increased endo-
thelin levels, enhanced serotonin-induced 
 vasoconstriction, a platelet storage pool defi-
ciency, excessive pulmonary artery smooth mus-
cle cell proliferation, and mitochondrial 
dysfunction [87, 88]. FHRs have been described 
as having normal PAP until 20 weeks of age, but 
by 40  weeks, despite normal systemic blood 
pressure and oxygen partial pressure, they 
develop PAH and RV hypertrophy. Moreover, 
normoxic FHRs show a leftward shift in the pul-
monary vascular pressure–flow relationship, 
which is similar to that shown by Sprague-
Dawley rats exposed to chronic hypoxia, and 
they display medial hypertrophy of resistance 
pulmonary arteries in a comparable manner [88]. 
In contrast, the Fischer 344 rat strain is relatively 
well protected from hypoxia-induced pulmonary 
vascular and cardiac responses compared with 
the Wistar Kyoto rat strain [89, 90]. However, the 
major limitation of the abovementioned animal 
models of PH is that they do not develop occlu-
sive neointimal and plexiform lesions, even in 
rats exposed to longer periods of hypoxia [91].

 Sugen 5416 Plus Chronic Hypoxia 
in Rats

A rat model that more closely mimics the pulmo-
nary vascular changes seen in human PAH is the 
combination of a single subcutaneous injection 

of the VEGF receptor inhibitor Sugen (SU5416) 
with exposure to chronic hypoxia (SUHx) for 
3–5  weeks [92, 93] followed by re-exposure to 
normoxia [92, 94]. SU5416 is a multikinase 
inhibitor which acts on VEGFR2 (vascular endo-
thelial growth factor receptor [FLK1/KDR]; half- 
maximal inhibitory concentration [IC50] = 1 μM), 
PDGFR (platelet-derived growth factor receptor; 
IC50 = 20 μM), c-Kit (stem cell factor receptor; 
IC50  =  30  nM), RET (tyrosine kinase receptor 
encoded by the ret proto-oncogene; 
IC50 = 170 nM), FLT3 (fms-like tyrosine kinase-3; 
IC50 = 160 nM), ABL (Abelson murine leukemia 
viral oncogene homolog 1; IC50  =  1  μM), and 
ALK (anaplastic lymphoma kinase; 
IC50 = 1.2 μM) [95].

It has been shown that SUHx rats develop pro-
gressive PH and vascular remodeling even after 
being re-exposed to normoxia [92, 96]. By 
5 weeks (3 weeks of hypoxia and 2 weeks of re- 
exposure to normoxia) after the SU5416 injec-
tion, the rats had developed severe PH and RV 
hypertrophy accompanied by proliferation of 
apoptosis-resistant endothelial cells and occlu-
sive neointimal but not plexiform-like lesions in 
precapillary pulmonary arterioles. Abe et  al. 
demonstrated that rats receiving a single injec-
tion of SU5416 followed by exposure to 3 weeks 
of hypoxia and an additional 10–11 weeks of re- 
exposure to normoxia (13–14  weeks after the 
SU5416 injection) developed severe PAH accom-
panied by pulmonary arteriopathy, strikingly 
similar to that observed in severe human PAH. In 
this study, the authors found that at a much later 
stage (13–14 weeks after the SU5416 injection) 
the rats developed complex plexiform lesions 
[94]. Interestingly, the irreversible progression of 
the pulmonary vascular disease and RV failure in 
this model led to death in some but not all ani-
mals, and at different time courses [94]. However, 
longitudinal monitoring of the RVSP by teleme-
try reveals a partial reversibility of pulmonary 
hypertension in SUHx rats, despite progressive 
remodeling of the pulmonary vascular wall, in 
particular the intima layer [97].

Nevertheless, our recently published study 
demonstrates the presence of pulmonary 
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emphysema in SUHx Wistar Kyoto rats injected 
by SU5416 and exposed to 3 weeks of hypoxia 
and an additional 2 weeks of re-exposure to nor-
moxia [98]. In another study it was demonstrated 
that Sprague-Dawley rats obtained from Harlan 
developed mild lung emphysema, while Sprague- 
Dawley rats obtained from Charles River labora-
tories did not develop lung emphysema in 
response to SUHx [99]. Le Cras and Abman sug-
gested that early disruption of angiogenesis in 
neonatal rats by SU5416 not only impairs alveo-
lar growth throughout infancy but can also extend 
into adult life, which likely increases susceptibil-
ity for chronic lung disease [100]. All of these 
data suggest that the alveolar and vascular 
changes in the SUHx model might depend on the 
strain and different times of normoxic re- 
exposure [101].

Indeed, SUHx rats develop severe RV hyper-
trophy, dysfunction, and failure. A noninvasive 
evaluation of cardiac function by echocardiogra-
phy or microscopic computed tomographic 
(μCT) showed that SUHx rats developed severe 
RV hypertrophy with deteriorated systolic and 
diastolic functions, which progressively wors-
ened from day 21 to day 35 [102]. However, it 
was well described that there are strain- 
dependent differences in the severity of PH phe-
notype in rats exposed either to a single injection 
of the SU5416 or to a combination with a 3-week 
chronic hypoxic exposure [103]. The authors 
showed that Fischer rats exhibited very high 
mortality in the SUHx model of severe PAH by 
7 weeks, whereas Sprague-Dawley (SD) rats 
showed excellent survival for up to 14 weeks in 
the same model [103]. In the follow-up study, 
the authors showed that a high rate of mortality 
due to severe RV failure in Fischer rats can be 
explained by a lack of adequate microvascular 
angiogenesis, together with metabolic and 
immunological responses in the hypertrophied 
RV [104].

RV failure in SUHx rats is accompanied by 
fibrosis, capillary rarefaction, cardiomyocyte 
apoptosis, and furthermore by decreased expres-
sion of genes encoding angiogenesis factors such 
as VEGF, insulin-like growth factor 1, apelin, and 

angiopoeitin-1, and by increased expression of 
genes encoding a set of glycolytic enzymes [89, 
92, 93]. A recently published study revealed that 
cyclin-dependent kinase (CDK) family members 
play a significant role in the pathobiology of the 
pulmonary vascular as well as RV remodeling in 
animal models of PH. The authors demonstrate 
that targeted CDK 4 and 6 inhibition leads to 
improvement of pulmonary vascular remodeling 
and RV function in SUHx as well as in MCT- 
induced PH and RV pressure overload [105]. It 
seems that the SUHx rat model may be useful for 
addressing the etiological mechanisms involved 
in endothelial cell hyperproliferation, which is a 
distinctive plexogenic arteriopathy characteristic 
in humans with severe PAH.

 Sugen 5416 Plus Chronic Hypoxia 
in Mice

Recently, Ciuclan et  al. established a mouse 
model in which PH is induced by the abovemen-
tioned combination of VEGF receptor-focused 
multikinase inhibition and chronic hypoxic 
exposure [84]. Compared with normobaric 
chronic hypoxia alone, treatment with SU5416 
resulted in markedly increased RV systolic pres-
sure, increased RV hypertrophy, and increased 
muscularization of small pulmonary vessels. In 
addition, the authors found occlusive neointimal 
lesions of small vessels in SUHx mice, which do 
not occur in mice under hypoxia alone. The vas-
cular remodeling process induced by a combined 
application of hypoxia and SU5416 was paral-
leled by an increased caspase activity and an 
increased proliferation of endothelial cells. The 
authors also demonstrated that SUHx mice 
developed more severe RV dilatation and cardiac 
dysfunction compared with mice exposed to 
hypoxia alone. The authors addressed the ques-
tion of whether the PAH pathologies in SUHx 
mice are reversible after returning mice to nor-
moxic conditions. Thus, 10 days after normoxic 
exposure SUHx mice showed slight decreases in 
hemodynamic parameters, indicating that this 
model of PH is less severe than the one in rats. 
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Two follow- up studies in SUHx mice confirmed 
this observation [106, 107]. Combined with the 
obvious ease of gene manipulation in mice, this 
new model of PH may prove to be useful in 
deciphering specific mechanisms and designing 
targeted therapies [108].

 Schistosomiasis

Schistosomiasis is one of the most common 
causes of PAH: of the more than 200 million indi-
viduals chronically infected worldwide, 2–5% 
have PAH [109]. Approximately 10% of people 
chronically infected with Schistosoma mansoni 
develop hepatosplenic schistosomiasis, a syn-
drome of periportal fibrosis, and portocaval 
shunting [110]. Approximately 10–20% of those 
patients with hepatosplenic disease, or 2–5 
 million people worldwide, develop PAH [111, 
112]. Patients who develop schistosomiasis- 
associated PAH have the signs and symptoms of 
this condition, primarily resulting from progres-
sive right- heart failure. The pulmonary histopa-
thology of schistosomiasis-associated PAH has 
both similarities to and differences from other 
forms of PAH that are more common in the 
developed world, most classically idiopathic 
PAH [113]. Analysis of pulmonary tissues from 
patients who died from schistosomiasis- 
associated PAH revealed that all lung samples 
showed evidence of pulmonary vascular remod-
eling, arterial medial thickening, and plexiform-
like lesions [114, 115].

It was demonstrated that up to 20 weeks after 
infection with S. mansoni in mice, a time- 
dependent increase in liver and lung egg burden 
resulted in extensive pulmonary vascular remod-
eling and development of plexiform-like vascular 
lesions but only mild increases in RV pressures 
(PH) and RV hypertrophy [116]. This finding was 
accompanied by heterogeneity in the lung egg 
burden among individual animals. In individual 
animals the authors found a significant correla-
tion between lung egg burden and ratio of RV 
weight to LV plus septum weight, indicating that 
the RV index was higher in animals with a greater 
density of eggs in the lung. In another study, 

Crosby et  al. demonstrated that at a later time 
point (25 weeks), chronic infection with S. man-
soni leads to significant elevation of the RV sys-
tolic pressure and RV hypertrophy [117].

The pathogenic mechanism by which the 
combination of the parasite’s effect on the host 
and the host’s immune response to the parasite 
results in PAH remains unclear. However, local 
inflammation may contribute to the process of 
pulmonary vascular remodeling [117–119]. 
Further preclinical investigations are needed to 
uncover the pathophysiological mechanisms 
involved in the development of severe pulmonary 
vascular remodeling and RV hypertrophy.

 PH Due to Left-Heart Disease

PH due to left-heart disease (PH-LHD) is the most 
prevalent form of PH worldwide [120, 121] and is 
associated with impaired exercise capacity, 
increased risk for hospitalization, and reduced sur-
vival [122]. Therefore, PH-LHD represents a high 
socioeconomic burden and the development of 
specific therapies would represent a breakthrough.

In these patients, LHD such as ischemic heart 
failure and heart failure with reduced or pre-
served ejection fraction causes LV systolic and/or 
diastolic abnormalities that lead to elevation in 
left atrial filling pressures and subsequent retro-
grade increases in pulmonary venous, capillary, 
and arterial pressures [123]. Over time, this hin-
drance of pulmonary venous outflow initiates 
remodeling events in the pulmonary vasculature 
with increases in pulmonary vascular resistance 
(PVR), further augmenting the RV afterload with 
subsequent RV hypertrophy, increased risk for 
HF hospitalization, and ultimately RV failure 
[124–126]. Based on their hemodynamic profile, 
PH-LHD patients are subcategorized into patients 
with isolated postcapillary PH (Ipc-PH), defined 
by a mean pulmonary artery pressure ≥25 mmHg 
combined with a mean pulmonary artery wedge 
pressure (PAWP) >15 mmHg and PVR ≤3 Wood 
units, suggesting that these patients suffer from a 
sole passive postcapillary disease component, 
and patients with combined post- and precapil-
lary PH (Cpc-PH), defined by a mean PAP 
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≥25 mmHg, a mean PAWP >15 mmHg, and PVR 
>3 Wood units, suggesting that there is an addi-
tional precapillary component adding to disease 
development [125, 127].

Despite the high medical need, there are cur-
rently no specific clinically approved therapeutic 
options available for the treatment of PH-LHD 
patients. International guidelines inform manage-
ment of LHD and volume status of these patients 
and treatment of underlying comorbidities, such 
as diabetes mellitus. Importantly, the European 
Society of Cardiology and European Respiratory 
Society guidelines discourage the use of PAH 
drugs for the treatment of PH-LHD patients, 
since clinical evidence for a favorable 
 risk-to- benefit ratio is missing [125, 128, 129]. 
Therefore, further PH-LHD-tailored research is 
needed that employs animal models with clini-
cally relevant endpoints to identify novel thera-
peutic targets and study pharmacological 
concepts.

As the cause for PH-LHD development is 
often multifactorial and involves multiple comor-
bidities (such as heart failure, systemic hyperten-
sion, diabetes mellitus, obesity) [125, 126], 
animal models that recapitulate different features 
of the disease were developed. The most com-
monly employed models involve either surgical 
interventions that alter cardiac mechanics to 
mimic the multimodal effects of LV heart failure 
[130] or single or combinations of systemic stim-
uli that model frequent comorbidities, such as 
systemic hypertension, metabolic syndrome, or 
aging [131, 132]. Importantly, PH-LHD often 
develops rapidly after disease induction, espe-
cially in surgical models, whereas human disease 
is often a manifestation of different stimuli that 
promote disease development over a long period 
of time, often in combination with age-related 
systemic alterations.

 Myocardial Infarction (MI)

The left and right ventricles are affected by com-
pensatory mechanisms after an acute MI.  RV 
hypertrophy may even develop in the long run in 
experimental models of MI in which the right 

ventricle is initially spared [133]. In addition, 
substantial myocardial damage can also be 
caused by RV infarction, leading to heart failure, 
shock, arrhythmias, and death of the patient 
[134]. The chronic MI model was first described 
in rats by Pfeffer et al. in 1979 [135]. It resem-
bles the pathophysiological changes of remodel-
ing and deterioration of systolic and diastolic 
cardiac function in patients with ischemia-
induced heart failure. The animals develop myo-
cardial hypertrophy, inflammation, and fibrosis 
resulting in LV systolic and diastolic dysfunc-
tion with reduced contractility and increased LV 
end-diastolic pressure [80]. Since then, the 
murine model of MI and ischemia-reperfusion 
has been described widely in the literature, and a 
detailed experimental protocol was published by 
Michael et al. in 1995 [136]. The most common 
approach is to ligate the left anterior descending 
(LAD) coronary artery, the major vessel for left 
ventricular blood supply [137]. Once the LAD 
artery is occluded, MI of the anterior wall of the 
left ventricle and the anterior portion of the 
interventricular septum is observed [138]. The 
infarction size and site are crucially dependent 
on the ligation position and individual anatomy 
of the rat/mouse: for most studies, the LAD 
artery is ligated below the tip of the left auricle, 
which induces roughly 40–50% ischemia of the 
left ventricle.

A number of studies focused on the effects of 
MI-dependent left-heart failure on PH and RV 
function. In 2000, Nguyen et al. reported that an 
early intervention with endothelin receptor 
antagonists following coronary artery ligation in 
male Wistar rats reduced the development of PH 
as reflected by a significant decrease in RV sys-
tolic pressure, despite an unaltered LV dysfunc-
tion [139]. Ben Driss and colleagues showed that 
in compensated left-heart failure induced by 
small MI in male Wistar rats, hemodynamics, 
vascular wall function, and structure were altered 
in the pulmonary artery but preserved in the tho-
racic aorta. They concluded that the pulmonary 
vascular bed is an early target of regional circula-
tory alterations in left-heart failure [140]. Later, 
in 2003, Jasmin et al. found that rats with large 
MIs developed progressive PH and right-heart 
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hypertrophy due to important pulmonary 
structural remodeling, which was already appar-
ent 2 weeks after surgery [141]. They measured 
marked elevations in the RV systolic and dia-
stolic pressures as well as an increased ratio of 
RV weight to LV plus septum weight in rats with 
MIs, changes that were completely reversed by 
therapy with an angiotensin II receptor antago-
nist [141]. In 2010, Jiang et al. studied the appli-
cability of a single measurement of troponin T 
for early prediction of infarct size, congestive 
heart failure, and PH in an animal model of 
MI. They concluded that an early single plasma 
cardiac troponin T measurement correlated with 
the infarct size in rats, and provided sensitivity 
and specificity to predict congestive heart failure 
with secondary PH [142]. In 2011 the same 
working group investigated the effects of statins 
on PH and RV function in ischemic congestive 
heart failure. The authors reported that statins 
reduced lung remodeling and dysfunction associ-
ated with heart failure, with prevention of RV 
hypertrophy and PH [143]. In the same year, 
Toldo et al. reported that acute MI led to hyper-
trophy and induced a significant acute decline in 
RV systolic function even in the absence of PH 
[144]. They concluded that RV dysfunction also 
develops independently of changes in RV after-
load [144].

More recently, Philip and colleagues investi-
gated the mechanical consequences of 
MI-induced left-heart failure on the pulmonary 
vasculature and right ventricle by invasive mea-
sures [145]. The authors reported pulmonary 
hypertension 12 weeks post-MI, along with RV 
contractile dysfunction and decreased coupling 
of the pulmonary vascular-right ventricular unit. 
On a structural level, these impairments were 
linked to fibrotic remodeling, recapitulating an 
important feature of human PH-LHD. Similarly, 
Dayeh et al. demonstrated via noninvasive echo-
cardiography that MI-caused left-heart failure 
causes PH and identified noninvasive indices that 
may help in the future to improve efficiency and 
design of preclinical studies focusing on PH in 
the setting of heart failure with reduced ejection 
fraction [146].

 Transverse Aortic Constriction (TAC)

Numerous LV pressure overload models have 
been developed in rodents in recent decades, 
whereas the TAC model remains the most widely 
used version. First described by Rockmann et al. 
in 1994 [147], the aortic banding model induces 
a pressure overload physiology similar to disease 
pathology observed in patients with aortic steno-
sis, systemic hypertension, or coarctation of the 
aorta. Initially, TAC leads to compensated hyper-
trophy of the heart (left ventricle), which is often 
accompanied by increased cardiac contractility. 
However, during disease progression, TAC- 
induced chronic pressure overload causes left 
ventricular decompensation characterized by 
severe dilatation and functional decline [148]. 
Within 2  weeks after TAC surgery, an approxi-
mate 50% increase in LV mass is observed, 
allowing studies of pharmacological interven-
tions that affect hypertrophy, fibrosis pathogene-
sis, and/or functional decline [149]. Several 
locations of the aortic arch may be banded to 
induce pressure overload: by positioning a needle 
next to the ascending or transverse aorta, tying a 
thread around artery and the needle, and pulling 
back the needle, the aorta is constricted in the 
size of the needle diameter [137]. Once con-
stricted, the increased vascular resistance causes 
chronic LV pressure overload with subsequent 
pathological LV remodeling of structure and 
function. The dominant drawback of this animal 
model is the acute disease onset directly after 
banding which immediately mimics severe 
hypertension and LV overloading, more similar 
to an acute aortic stenosis than to chronic and 
progressive pressure overload. In addition, there 
is significant heterogeneity in the LV response to 
aortic constriction: For instance, C57BL6 mice 
develop rapid LV dilation after TAC which may 
not develop in other strains [150, 151]. However, 
this model is frequently used to identify and 
modify novel therapeutic targets in the area of 
left-heart failure.

Increasing evidence suggests that chronic LV 
pressure overload after TAC induces PH, poten-
tially via increased backward transmission of 
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blood into the lung. In 2012, Chen et al. reported 
that male C57BL/6J mice present with RV hyper-
trophy and RV fibrosis, increased RV end- 
diastolic pressure, and right atrial hypertrophy 
8 weeks after TAC [152]. Similarly, the effects of 
sGC stimulation with Riociguat and PDE5 inhi-
bition with sildenafil on TAC-induced PH were 
studied 6 weeks after disease induction and were 
linked to reduced cardiopulmonary remodeling 
[153]. Therefore, this model may represent a tool 
for studies focusing on PH-LHD associated with 
heart failure caused by chronic LV pressure 
overload.

 Metabolic Syndrome

PH-LHD patients frequently present with a num-
ber of comorbidities that cause metabolic altera-
tions in the body and are summarized as metabolic 
syndrome which includes central obesity, sys-
temic hypertension, type 2 diabetes mellitus, and 
dyslipidemia [125, 126]. Therefore, an increas-
ing number of studies recently focused on PH 
development and RV functional characterization 
in animals that resemble such comorbidities, 
either as a single stimulus or in combination. For 
example, Meng and colleagues screened 36 
mouse strains for their response to develop high- 
fat diet (HFD)-induced pulmonary hypertension 
and identified significant heterogeneity in PH 
disease severity at 20 weeks after disease induc-
tion [154]. They further reported glucose intoler-
ance in the 129S1/SvlmJ strain after HFD—the 
top responder in this study—suggesting that met-
abolic syndrome and aging contribute to PH 
manifestation in this model. Along this line, 
Ranchoux et  al. combined supracoronary aortic 
banding to induce diastolic LV impairments with 
HFD and olanzapine treatment to induce meta-
bolic syndrome and PH in rats [132]. Treatment 
with the metabolic modulator metformin 
improved RV function and reduced PH, further 
supporting a concept in which metabolic syn-
drome is a driver of PH disease progression in 
this context. Additional evidence arises from 
aged genetically modified female mice that lack 

apolipoprotein E (ApoE) protein on HFD and 
develop severe PH [155, 156]. However, PH-LHD 
is likely a manifestation of different disease stim-
uli with rather complicated mechanics involving 
the arterial and venous pulmonary vascular com-
partment as well as the left and right sides of the 
heart. To better understand these complex 
disease- causing mechanisms and mechanics and 
to develop novel, efficacious, and safe therapies, 
more studies focusing on disease-relevant aspects 
with clinically meaningful endpoints are 
warranted.

 Chronic Thromboembolic PH 
(CTEPH)

CTEPH is a form of PH caused by unresolved 
thromboemboli from sites of venous thrombosis, 
which undergo fibrotic organization in the lung. 
Incomplete thromboembolic resolution results in 
endothelialized residua that obstruct or signifi-
cantly narrow major pulmonary arteries [157]. 
Once lodged in the lung arteries, these residua 
can cause more clots to form (thrombosis) and 
add more resistance to the blood flow through the 
lung, thereby increasing the pressure inside the 
lung. This obstruction of proximal pulmonary 
arteries leads to an increased PVR, development 
of PH, and progressive RV remodeling and fail-
ure. Pulmonary endarterectomy, a surgical 
method that removes the obstruction from pul-
monary vessels, is the treatment of choice for 
patients with CTEPH [158].

Much effort has been made to generate appro-
priate animal models for this disease in order to 
better understand the pathophysiology of CTEPH 
and to test new therapeutic approaches. In con-
trast to CTEPH, acute pulmonary embolism is 
easily reproduced in several animal models: to 
study the pathophysiological mechanisms or 
drug effects within the first hour following embo-
lization, various different materials including 
autologous blood clots have been employed 
[159–161]. The development of a chronic CTEPH 
model turned out to be extremely challenging 
because of very efficient endogenous fibrinolytic 
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systems in the employed animal species [162, 
163]. Additionally, Mitzner et  al. reported that 
the systemic vascular response to chronic pulmo-
nary vascular obstruction varies from species to 
species, with proliferation of bronchial arteries 
into the intraparenchymal airways in large ani-
mals or, in contrast, with proliferation of inter-
costal arteries into the pleural space in mice [162, 
164]. CTEPH can be generated in dogs by 
repeated microembolizations of microspheres 
(e.g., Sephadex) [165, 166]. The vascular lesions 
can be targeted to vessels of different sizes based 
upon the size of the injected microspheres. 
Repeated administration can lead to a sustained 
rise in pulmonary pressure [166]. High PVR is 
the result of primary vascular mechanical 
obstruction and vasoconstriction [46, 167]. In 
pigs, Weimann et al. generated a different model 
employing three repeated embolizations with 
polydextran microspheres, which led to sustained 
PH with sustained elevation in PAP as well as RV 
hypertrophy [166]. Another chronic model of 
CTEPH in dogs was described by Moser et al., 
who employed a combination approach: pulmo-
nary emboli were released from autologous 
venous thrombi, and the endogenous fibrinolytic 
system was inhibited by administration of 
tranexamic acid [168] or plasminogen activator 
inhibitor type 1 [169]. Unfortunately, these 
attempts did not result in stabilization of the 
thrombus, but resulted in its resolution at the lat-
est by 1 week. In 2013, Li et al. reported that this 
method was also efficient in Sprague-Dawley rats 
and induced a stable increase in RV systolic pres-
sure, right-heart hypertrophy, and fibrosis [170]. 
Other authors used a surgical approach, the uni-
lateral PAB model, to mimic CTEPH in pigs 
[171]. Naturally, a partial stenosis of the right or 
left pulmonary artery leads to an increased pres-
sure in the right ventricle with development of 
RV hypertrophy and fibrosis, but this type of 
model does not reproduce distal vascular remod-
eling in the non-obstructed pulmonary arterial 
bed as seen in the human disease situation, which 
finally leads to the development of PH. Recently, 
Mercier et al. developed a CTEPH piglet model, 
which consists of a primary left pulmonary artery 
ligation via a sternotomy followed by weekly 

transcatheter embolizations, under fluoroscopic 
control, of the tissue adhesive enbucrilate 
(Histoacryl) into the right lower lobe for a dura-
tion of 5 weeks [172]. The authors asserted that 
this model reproduced all the features of human 
CTEPH: increased PVR, increased mean PAP, 
increased medial thickness of distal pulmonary 
arteries in both obstructed and unobstructed ter-
ritories, increased systemic blood supply through 
the bronchial arteries in the obstructed territories, 
RV hypertrophy, RV enlargement, and paradoxi-
cal septal motion [172].

To conclude, over recent decades several ani-
mal models for CTEPH have been developed, 
which have provided valuable insights into some 
aspects of the pathophysiology of CTEPH. 
Animal models that represent more closely the 
human situation need to be developed in future.

 Pulmonary Artery Banding (PAB)

Many animal models have been studied to assess 
the anatomical, pathophysiological, and molec-
ular mechanisms underlying RV adaptation pro-
cesses and disease progression. These models 
frequently involve direct modifications to the 
pulmonary vasculature (such as chronic hypoxia 
exposure or MCT injection) that result in an 
increased pulmonary vascular resistance and 
therefore elevated RV afterload. The RV has to 
work against this increased afterload burden to 
maintain cardiac output, and introduces intrinsic 
changes in RV structure and function as a direct 
consequence (Fig. 3.2). Pharmacological studies 
in these models fail to inform whether improve-
ments in RV structure and function are caused 
secondarily through a decrease in pulmonary 
vascular resistance and RV unloading or by 
direct beneficial cardiac effects [5]. In this con-
text, the PAB model is superior to the above-
mentioned models as a partial stenosis of the 
main pulmonary artery generates an immediate 
fixed increase in resistance that is independent 
from changes in the pulmonary vasculature, 
thereby allowing for distinguishing between 
direct cardiac and afterload- dependent treatment 
effects. The PAB model was first established in 
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Fig. 3.2 Noninvasive and invasive measures of the 
healthy and pressure-overloaded rat heart. Representative 
echocardiographic short-axis view on the level of papil-
lary muscles (a) and four-chamber view of the healthy rat 
heart (b). Pulsed-wave Doppler echocardiography visual-
izes pulmonary artery blood flow (c). Intracardiac 
catheter- derived RV pressure (d) and simultaneous vol-
ume (e) traces during vena cava inferior (IVC) occlusion 
for preload reduction and pressure-volume loop character-
ization (f). Lanes indicate end-systolic pressure-volume 
(ESPVR) and end-diastolic pressure-volume relationships 
(EDPVR) for end-systolic elastance (Ees) and end- 

diastolic elastance (Eed) quantification. Seven days of 
pressure overload after PAB causes RV dilatation and RV 
hypertrophy as demonstrated in short-axis (g) and four- 
chamber view (h) of the rat heart. Peak pressure gradient 
(PPG) is measured at the PA constriction side via pulsed- 
wave Doppler echocardiography (i) to quantify the degree 
of PAB-induced PA stenosis. Representative RV pressure 
(j) and volume (k) traces demonstrate increases in RV 
pressures and a shift in RV volumes caused by PAB, along 
with changes in ESPVR and EDPVR, representing 
increased RV contractility and stiffness (l)
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dogs and piglets and transferred to rodents with 
advancements in microsurgical techniques [173, 
174]. In 1994 Rockmann et al. successfully per-
formed PAB in mice [147], yet the first compre-
hensive publication by Tarnavski et al. appeared 
in 2004 [137]. Technically, a needle is posi-
tioned next to the main pulmonary artery in 
proximity to the first bifurcation, a thread is 
placed around the artery and needle and tied, 
and the needle is subsequently removed, leaving 
a constriction loop with the needle diameter. 
Other groups modified this method and used a 
metal clip instead of needle and thread [175, 
176], which offers several advantages: (1) the 
hemoclip can be applied quickly; (2) a complete 
constriction of the  pulmonary artery is avoided; 
and (3) a constriction with a non-deformable 
clip as compared with the deformable thread 
provides more stability at the constriction site 
for reproducible results.

On a functional level, a rapid immediate 
decline upon PA constriction is followed by 
adaptation and recovery, and a maintained RV 
ejection fraction for 7–14 days, as well as a tran-
sition phase towards uncoupling and failure 
[177–179]. Subsequently, RV function declines 
and structural changes manifest: These include 
(1) an increase of the right ventricular free wall 
diameter through thickening of individual car-
diomyocytes; (2) RV chamber dilatation to 
reduce RV wall stress; (3) abnormalities in car-
diac capillarization; and (4) an increase in RV 
collagen content [176–181]. RV fibrosis is 
experimentally and clinically associated with a 
decrease in RV ejection fraction [182] and dia-
stolic heart failure [183], and is used as a predic-
tor of diastolic and systolic dysfunction during 
exercise in hypertrophic cardiomyopathic 
patients who successfully underwent surgery 
[184]. A reduced compliance of the (right) side 
of the heart can be the result of the pathological 
increase in collagen levels that leads to increased 
myocardial stiffness [185, 186]. Additionally, 
nutrient supply of the contractile cardiomyocytes 
may be impaired by excessive perivascular fibro-
sis, whereas interstitial ECM components may 
interfere with the well-coordinated excitation–
contraction coupling, which in turn reduces car-

diac pumping function [183]. Importantly, the 
left ventricle is likewise affected by RV changes 
as ventricular interdependency causes a reduc-
tion in LV mass through septal bowing and 
molecular changes that impair the left ventricle 
to expand to its original volume, causing reduc-
tions in LV stroke volume and therefore 
decreased function [187]. Compression of the 
left ventricle is a direct result of increased pres-
sure in the right ventricle, which in turn exerts 
pressure on the left ventricle, reflected by an 
elevated LV eccentricity index.

The degree of RV structural and functional 
remodeling is dependent on the constriction 
severity. For example, rats with a mild constric-
tion fail to transition towards failure [42] while 
increasing the constriction severity promotes 
RV functional decline with a decreased RV 
pumping function, RV dilatation, RV fibrosis, 
RV capillary rarefaction, and a metabolic switch 
from glucose oxidation to glycolysis [43, 188–
190]. In a modified version of the PAB model, 
which applies absorbable sutures to constrict the 
PA, an initial functional decline is followed by 
functional and structural recovery once the PA 
band dissolves and the afterload burden is 
relieved [191]. This model allows studies 
focused on RV recovery processes from chronic 
pressure overload. In addition, models vary 
among species and strains. As an example, evi-
dence suggests that in some instances rats react 
with more severe hemodynamic changes to 
stimuli as compared to mice (e.g., in the SUHx 
model [97, 192]). The major drawback of the 
PAB model in general is the immediate fixed 
increase in resistance after surgery that—to 
some extent—rather reflects an acute pulmonary 
embolism than the progressive gradual increase 
in resistance associated with PH and the transi-
tion from RV adaption towards decompensation 
and failure. As alternative models that more 
closely reflect the human situation are missing, 
the PAB model remains the gold standard when 
addressing direct RV treatment effects. In sum-
mary, the PAB model represents a reproducible 
animal model of right-sided heart hypertrophy 
and failure caused by RV-selective chronic pres-
sure overload.
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 Other Models

 Smoke-Induced PH

Cigarette smoke is the main preventable cause 
for chronic obstructive pulmonary disease 
(COPD), resulting in progressive proteolytic, 
inflammatory, and vasoactive responses that lead 
to emphysema, small-airway obstruction, and 
PH. Originally, it was believed that the increase 
in PAP is secondary to the lung pathology associ-
ated with COPD, as a result of hypoxia, emphy-
sema, and loss of the vascular bed [193]. 
However, a recently published observation 
revealed that pulmonary vascular dysfunction, 
vascular remodeling, and PH precede the 
 development of alveolar destruction [194]. In this 
paper the authors demonstrated that smoke expo-
sure for up to 8 months resulted in the develop-
ment of emphysema after 6  months in mice. 
Within 3  months, tobacco-smoke exposure 
caused increases in RV systolic pressure and ratio 
of the absolute numbers of alveoli to the number 
of vessels, followed by RV hypertrophy: i.e., 
development of PH preceded the development of 
lung emphysema [194]. Also, guinea pigs 
exposed to cigarette smoke develop PH and RV 
hypertrophy at levels similar to those seen in ani-
mals exposed to hypoxia [195]. Although it has 
been shown that tobacco smoke leads to PH and 
RV hypertrophy, the effects of smoke exposure 
on the right ventricle still need to be elucidated.

 Intermittent Hypoxia

Obstructive sleep apnea (OSA) is a highly preva-
lent sleep-related breathing disorder and contrib-
utes to the emergence of systemic arterial 
hypertension, peripheral vascular disease, stroke, 
PH, and sudden cardiac death [196–198]. Based 
on human research, sympathetic activation, 
inflammation, and oxidative stress are thought to 
play major roles in the pathophysiology of OSA- 
related cardiovascular diseases. Exposure of 
rodents to brief episodes of hypoxia mimics the 
hypoxia and cardiovascular and metabolic effects 
observed in patients with OSA. Animal models 

of OSA have shown that endothelial dysfunction, 
vascular remodeling, systemic and pulmonary 
arterial hypertension, and heart failure can 
develop in response to chronic intermittent 
hypoxia. It was shown that 20–30% of untreated 
OSA patients suffer from PAH.  It was first 
thought that this phenomenon is restricted to 
patients with pulmonary comorbidities such as 
COPD, but it is now widely accepted that OSA 
can itself lead to PH [199]. A histomorphometric 
study showed that mice exposed to chronic inter-
mittent hypoxia develop characteristic features of 
PH such as elevated PAP, RV hypertrophy, and 
muscularization of small pulmonary arteries 
[200, 201]. Further research of chronic intermit-
tent hypoxia in animal models is needed to 
enhance our understanding of the pathogenesis of 
OSA-related cardiovascular disease and PH and 
RV remodeling.

 Lung Cancer-Associated PH

Lung cancer remains the most common cause of 
death worldwide, but some of the biology under-
lying the symptoms of this disease is still not well 
understood. In a recently published paper, 
Pullamsetti and co-authors described presence of 
vascular remodeling, PH, and perivascular 
inflammatory cell accumulation in three mouse 
models (LLC1, KRasLA2, and cRaf-BxB) of lung 
cancer [202]. In this study the authors demon-
strated that PH in these mice was accompanied 
by RV hypertrophy, dilatation, RV systolic and 
diastolic dysfunction, and fibrosis [202]. In a 
follow-up study in patients with lung cancer, the 
authors demonstrated that PH is present in a sig-
nificant proportion of lung cancer patients. 
Moreover, they showed that the presence of PH 
has a marked impact on the clinical outcome of 
lung cancer patients, including survival [203].

 Summary

There is no preclinical model that accurately 
recapitulates all features and heterogeneity of 
human disease, including right ventricular 
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adaptation and transition towards failure in the 
context of pulmonary hypertension. Therefore, 
studies that employ a combination of different 
models which mimic key features of the disease 
tailored to a specific research question are neces-
sary to advance our current understanding of dis-
ease development and progression. Animal 
models are very valuable scientific tools that, 
when applied in the correct context with strong, 
reliable, and clinically relevant endpoints, are 
crucial to the development of novel therapeutic 
concepts, elucidate pathophysiological disease- 
causing mechanisms, and uncover load depen-
dencies in PH research.
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Mechanical and Functional 
Interdependence Between  
the RV and LV

Mark K. Friedberg

 Introduction

Although the left (LV) and right (RV) ventricles 
have different embryological origins, they are 
bound together through epicardial myofibers that 
encircle them, through myofibers that form a 
common apex, through the interventricular sep-
tum, their attachment to each other at the septal 
hinge points, the common pericardial space, the 
in-series configuration of the pulmonary and sys-
temic circulation, and the coronary circulation [1, 
2]. As a result, the RV and LV are anatomically 
and functionally connected. This tight coupling 
between the ventricles affects RV and LV func-
tion in health and disease. In normal physiology, 
RV and LV cardiac cycle events such as the onset 
of contraction, aortic and pulmonary flow, and 
RV and LV filling are closely aligned. In various 
conditions, such as adverse loading, electrome-
chanical dyssynchrony, and ventricular failure, 
the alignment of these events is disrupted, further 
contributing to dysfunction and adverse 
ventricular- ventricular interactions. The impact 
of events and function in one ventricle on the 
contralateral ventricle is clinically important as 
in various diseases, RV and LV systolic functions 

are linearly related [3, 4]. Moreover, coexisting 
LV dysfunction is a key risk factor for functional 
decline and mortality in diseases characterized 
by RV dysfunction [5], and concomitant RV fail-
ure is a risk factor for death in diseases primarily 
characterized by LV failure [6, 7].

 Physiology of RV-LV Interactions

Over the past decades, fundamental experimental 
work has been instrumental in delineating the 
importance of ventricular-ventricular interactions 
to cardiac function and its mechanisms (Fig. 4.1). 
These experiments first delineated the contribu-
tion of the LV to normal RV function. In open- 
chest experiments, the RV was completely 
electrically separated from the LV by a full- 
thickness RV ventriculotomy, but then sewed 
together to restore mechanical continuity [8]. 
Thus, electrical stimulation of each ventricle 
individually, without activation of the entire 
heart, could delineate the hemodynamic effects 
of one ventricle on developed pressure in the ipsi-
lateral and contralateral ventricle [8]. In this 
experiment, stimulating the LV led to almost nor-
mal RV pressure development and pulmonary 
blood flow. In fact, two waveforms for RV pres-
sure and pulmonary arterial blood flow delin-
eated the direct contribution of RV free-wall 
contraction, versus LV and septal contraction, to 
RV developed pressure. For RV pressure and pul-
monary arterial blood flow, the LV and septal 
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contribution were larger than the RV free-wall 
component. In contrast, stimulating the RV to 
contract led to normal RV developed pressure, 
but minimal developed pressure in the LV [8]. 
Taking these experiments further by surgically 
disrupting the LV free wall, to prevent it from 
generating any force, further confirmed these 
observations, with a dramatic decrease of around 
45% in the systolic pressure generated by the RV 
[9]. The differential influence of RV and LV con-
traction to RV developed pressure and output has 
also been shown in human subjects using preex-
citation of the RV by pacing or measuring hemo-
dynamics during extrasystolic beats [10]. As in 
the experimental models, measurement of LV 
pressures during these events revealed the signifi-

cant contribution of LV contraction to pressure 
development in the human RV [10].

Consequently, modulating LV contractile 
force, for example by changing LV volume, or by 
occlusion of the left coronary artery, impedes RV 
developed pressure [9]. Indeed, these studies 
showed that over 50% of the mechanical work of 
the normal RV may be generated by LV contrac-
tion and that the LV free wall plays a pivotal role 
in RV function [9]. Moreover, even when the RV 
free wall is entirely replaced with a noncontrac-
tile prosthesis, so that there is a total lack of RV 
free-wall contraction, there is still near-normal 
RV pressure generation, as a consequence of nor-
mal LV shortening [11]. In some experiments, 
the change in RV developed force in response to 

Prolonged RV systole
and discoordinated

timing of RV-LV events

Shared epicardial
myofibers

Dilated and/ or
hypertensive RV

Distorted tricuspid
geometry and TR

Septal hinge-point
injury Pericardial

constraint
Altered coronary

perfusion

Left septal shift

LV compression

Reduced LV filling

Reduced LV output

Reduced RV
output

RV LV

Fig. 4.1 Schematic representation of key mechanisms 
underlying adverse right ventricular (RV)-left ventricular 
(LV) interactions. Schematically depicted is a dilated RV 
with leftward septal shift, typical of severe pulmonary 
hypertension. These mechanisms manifest in other condi-
tions as well as are detailed in the text. Within the con-
straints of the relatively fixed pericardial space, the 
hypertensive dilated RV compresses the LV and impedes 
its filling. Prolonged RV systolic duration and incoordi-
nate timing of events contribute to this interaction and 
may impact RV and LV coronary filling and ischemia, 
thereby worsening dysfunction. RV dilatation predisposes 
to tricuspid regurgitation, which may further impede 

effective RV output. Decreased RV output further reduces 
LV filling and LV output, with a resultant decrease in car-
diac output. The distorted RV and LV geometry and septal 
shift increase wall stress in the septum and septal hinge- 
point regions which triggers molecular fibrosis signaling 
and fibrosis. These further worsen the function of the isch-
emic, metabolically challenged RV. Distorted septal and 
ventricular geometry further impairs the function of com-
mon myofibers in the septum and superficial epicardial 
layers contributing to RV and LV dysfunction. Several of 
these mechanisms can be targeted or leveraged therapeuti-
cally to improve contralateral ventricular function
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modulation of LV contraction, or loading, corre-
lated with the degree of septal bulging into the 
RV cavity during systole, suggesting that the sep-
tum plays an important role in mediating these 
physiologic ventricular-ventricular interactions. 
Interestingly, however, surgically disrupting the 
septum did not affect RV developed pressure, but 
was associated with a dramatic decrease in LV 
developed pressure [12]. In contrast, injecting 
glutaraldehyde to the septum affected developed 
pressure in both ventricles [12]. The timing of 
contraction of the RV and LV further contributes 
to these interactions with LV contribution to RV 
developed pressure and pulmonary artery blood 
flow starting in the LV isovolumic contraction 
period [13].

These experiments show that under normal 
physiological conditions, the LV has enormous 
impact on RV pressure development and pulmo-
nary arterial blood flow. This raises the question 
of what is the impact of the RV on normal LV 
function. The experiments above show that, 
under normal circumstances, RV contraction has 
little impact on developed pressure in the LV or 
on aortic blood flow. Even experimental ischemia 
of the RV free wall has minimal impact on LV 
developed pressure [12], and replacing the RV 
free wall with a noncontractile prosthesis had 
little effect on LV developed pressure and flow 
[11]. This may lead one to think that the RV has 
little effect on LV function, but this assumption 
would not be true. Firstly, the in-series configura-
tion of the RV and LV determines that the flow 
generated by the RV through the pulmonary bed 
forms the LV preload. Additionally, changes in 
RV volume can profoundly affect LV contractile 
function. Indeed, in the aforementioned experi-
ments that replaced the RV free wall with a non-
contractile prosthesis, progressive enlargement 
of the noncontractile RV, by progressively reposi-
tioning a clamp along the prosthesis to increase 
RV cavity volume, led to progressive reduction in 
LV pressure development and stroke work [11]. 
In fact, changes in RV volume are associated 
with changes in the LV pressure-volume relation, 
which is a fundamental property and descriptor 
of ventricular function [10]. For example, experi-
mental coronary artery ligation to induce acute 

RV ischemia causes acute RV dilatation and 
reduced LV end-systolic elastance, a pressure- 
volume measure of contractility [14]. The change 
in LV function and output cannot be attributed 
solely to reduced LV volume secondary to RV 
dilatation as end-systolic elastance is a load- 
independent measure of LV contractility [14]. 
Interestingly, decreased LV end-systolic elas-
tance secondary to RV ischemia could be reversed 
by creation of a superior vena cava to pulmonary 
artery shunt which “bypasses” the RV and 
reduces RV volume loading to restore more nor-
mal LV geometry [14]. This experimental obser-
vation has clinical implications in the treatment 
of complex congenital heart disease where place-
ment of a superior vena cava to pulmonary artery 
shunt is commonly performed. The clinically 
important impact of RV volumes on LV stroke 
volume is also clinically evident during mechani-
cal ventilation [15].

Compression of the LV during RV dilatation is 
dependent on the confined pericardial space that 
the ventricles share. In this situation, dilation of 
one ventricle in a confined space causes compres-
sion of the contralateral ventricle. Consequently, 
releasing the pericardium can normalize LV con-
tractility even when the ischemic RV remains 
dilated [16]. In essence, this overlaps with the 
pathophysiology of cardiac tamponade where 
respiratory-dependent changes in RV and LV fill-
ing cause enlargement of one chamber, at the 
expense of the other, when the pericardial 
restraint or pressures are high.

 RV-LV Interactions When the RV Is 
Hypertensive

The impact of a dilated RV on LV function 
becomes critical when the RV is additionally 
hypertensive. In patients with severe pulmonary 
arterial hypertension (PAH), RV dilatation com-
presses the LV within the confines of the rela-
tively fixed, noncompliant, pericardial space, 
while high RV pressures displace the interven-
tricular septum leftward [17]. The compressed 
LV and small LV volumes are further exacer-
bated by reduced preload due to RV dysfunction 
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and the resulting decreased stroke volume is 
ejected into the pulmonary bed [17]. The combi-
nation of these factors leads to reduced LV fill-
ing while the distorted LV geometry may impede 
its normal contractility [18–23]. The importance 
of these LV geometrical changes is demonstrated 
by the finding that in PAH, LV, more than RV, 
end- diastolic volume is linearly related to car-
diac output [19]. The importance of the interac-
tion between the dilated hypertensive RV and 
compressed LV is further confirmed by the LV 
eccentricity index being linked to catheter-mea-
sured hemodynamics as well as death or lung 
transplantation in children with PAH [24–27]. 
Although perhaps most emphasized in PAH, this 
pathophysiological mechanism is relevant to any 
condition with severe RV hypertension. For 
example, in patients with repaired tetralogy of 
Fallot with severe RV hypertension from 
RV-pulmonary artery conduit stenosis, pro-
longed septal shift and prolonged RV contrac-
tion produce reduced LV filling as the septum 
bulges into the LV during LV diastole [28]. 
Consequently, alleviating stenosis of the RV-PA 
conduit reduces RV hypertension and normal-
izes septal curvature and RV contraction time, 
which synchronizes LV and RV contraction and 
relaxation [28]. The restoration of normal RV-LV 
interactions increases LV diastolic filling and 
improves exercise capacity, which is an impor-
tant clinical outcome in this population [28]. 
Impaired LV systolic function during RV hyper-
tension induced by pulmonary artery constric-
tion can partly be attributed to changed LV 
geometry and alterations at the septal insertion 
points where the RV and LV connect [23]. These 
alterations at the septal hinge points will be fur-
ther detailed later in the chapter.

As these observations suggest, the temporal 
disparity between RV and LV cardiac cycle 
events compounds the geometrical interactions 
induced by left septal shift. In the hypertensive 
RV, be it from severe conduit stenosis or PAH, 
RV contraction and systolic time prolong 
because of prolonged isovolumic contraction 
and relaxation [29]. Prolongation of RV systole 
in the dysfunctional hypertensive RV causes 
peak RV myocardial shortening and persistence 

of elevated RV pressures into early LV diastole, 
at the same time that LV pressures are rapidly 
falling during isovolumic relaxation and rapid 
filling [20, 30]. This causes an abrupt leftward 
shift of the interventricular septum exactly as the 
LV is rapidly relaxing and the mitral valve is 
opening, impeding the dominant phase of LV 
filling in early LV diastole [30]. Consequently 
children with PAH exhibit impaired LV diastolic 
filling and function [26]. These adverse 
geometrical- temporal RV-LV interactions 
worsen with increasing heart rate, as diastole, 
and the time available for ventricular filling, is 
disproportionately shortened versus systole by 
heart rate [29]. The systolic to diastolic duration 
ratio, as measured from the duration of tricuspid 
regurgitation spectral Doppler [29], or strain 
imaging [20, 31], is a marker of RV systolic pro-
longation and decreased RV and LV filling, asso-
ciated with death or lung transplantation [29]. 
The result of shortened RV diastolic duration 
and impaired LV filling is clinically important 
reduced stroke volume and cardiac output [19, 
32–34]. The compromised hemodynamics are 
further worsened by inefficient RV pump func-
tion, as even though RV contraction (systolic 
duration) is prolonged, the short RV ejection 
time due to the high pulmonary vascular resis-
tance compromises RV output, LV preload, and 
consequently LV filling and cardiac output [34]. 
These adverse interactions translate into clinical 
outcomes as left septal shift, LV filling, and RV 
systolic to diastolic duration ratio are linked to 
clinical outcome [29, 35].

As mentioned above, RV hypertension, dila-
tion, and septal displacement further compromise 
efficient RV pump function and RV-LV interac-
tions as they lead to incoordinate RV contraction 
between the septum and lateral wall and between 
the RV and LV lateral walls [34, 36–39]. An 
interventricular mechanical delay, that can occur 
in both RV and LV dysfunction, may further 
worsen LV function as well as increase the risk of 
arrhythmia and decrease exercise tolerance [40, 
41]. The pathophysiological effect of incoordi-
nate RV and LV cardiac cycle events also 
becomes evident during support of the LV by an 
assist device. LV assist devices are associated 
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with shortening of LV systolic duration, disparity 
between LV and RV filling, and reduction in LV 
stroke volume secondary to reduced preload [42]. 
These experimental findings translate into clini-
cal decision-making, as the speed setting in the 
LV assist device impacts LV sphericity, rightward 
septal bulge, LV-RV interactions, and RV filling, 
all of which ultimately affect cardiac output [43]. 
While the above observations emphasize RV sys-
tolic interactions, diastolic RV-LV interactions 
are also important. During lower body suction in 
patients with heart failure, decreased RV end- 
diastolic volume results in increased LV end- 
diastolic volume despite reduced pulmonary 
capillary wedge pressure [44, 45]. Experimentally, 
RV free-wall stiffening, which occurs when the 
RV is hypertensive [46], leads to increased septal 
diastolic length and increased LV stiffness, even 
when LV volume is constant [47]. This interac-
tion may be mediated by the common myocardial 
tracts encircling the two ventricles.

Mediation of ventricular-ventricular interac-
tions through the common myocardial tracts is 
also invoked as LV geometrical-temporal interac-
tions do not account for all the adverse RV-LV 
interactions described above. When the RV 
acutely dilates secondary to right coronary 
obstruction and ischemia within the pericardium, 
there is a compression of the LV, but also impaired 
LV contractility that is independent of loading 
conditions [16]. Although leftward septal dis-
placement within the constraints of the noncom-
pliant pericardium is crucial in mediating 
ventricular interactions [48], release of the peri-
cardium leads to restoration of LV contractility 
that is not solely attributable to reduced LV vol-
ume or distorted LV geometry [16]. These load- 
independent changes in LV contractility may 
stem from changed contractility in the shared 
superficial myofiber tracts running between the 
ventricles [18, 49, 50].

These shared myocardial tracts can be lever-
aged for therapeutic benefit. It had previously 
been established that acutely constricting the 
aorta during acute increases in RV afterload leads 
to increased stroke volume [51]. Although 
changed coronary flow patterns may explain ben-
eficial effects of supra-aortic banding in RV pres-

sure loading, these experiments kept coronary 
flow constant, so that the effects occurred inde-
pendent of right coronary artery perfusion [51]. 
This demonstrates that, under these circum-
stances, there are additional factors that contrib-
ute to RV-LV interactions, most likely the shared 
epicardial and septal fibers [52, 53].

Increasing of the contralateral ventricle’s 
afterload to improve ipsilateral ventricular func-
tion is also used in patients who have congeni-
tally corrected transposition of the great arteries 
and tricuspid regurgitation. In this congenital 
heart disease, the RV is the systemic ventricle 
and the tricuspid valve is often malformed 
(“Ebstein-like”) and regurgitant [54]. Often, the 
dilated, systemic RV and interventricular septum 
bulge towards the LV, further distorting the tri-
cuspid annulus with progressively worsening tri-
cuspid regurgitation and RV dilation [55]. 
Pulmonary artery banding can be used in these 
patients to increase LV afterload and pressure, so 
that the septum shifts towards the RV, into a more 
neutral position, thereby improving TV annular 
configuration and reducing TR [55]. In this con-
dition, pulmonary artery banding may also 
increase contractility of the sub-pulmonary LV, 
leading to increased contractility of the systemic 
RV through the shared myocardial fibers. 
However, in practice, placing an adequately tight 
band to induce LV pressure load on the one hand, 
while avoiding LV failure from excessive pres-
sure loading on the other, is a delicate balance 
and one not easily assessed. Increasing the con-
tralateral ventricle’s afterload has also been har-
nessed in children with severe dilated LV 
cardiomyopathy and left-heart failure, where pul-
monary artery banding in carefully selected 
patients can lead to reduced LV dilatation, 
decreased mitral regurgitation, and increased 
LVEF [56].

The systolic interactions between the RV and 
LV are mediated not only by changes in septal 
position, and the common superficial myocardial 
tracts, but also by the oblique orientation of the 
myofibers in the interventricular septum [57]. In 
left-heart failure, as the LV remodels and pro-
gressively becomes more spherical, the septal 
fibers lose their oblique angle, thereby reducing 
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their mechanical efficiency to reduce not only 
LV, but also RV contractile function. The decrease 
in RV function can lead to increasing tricuspid 
regurgitation and further RV dilatation, and a vis-
cous cycle of additional reduction in the oblique 
angle of the septal myofibers [57].

 Mechanical-Molecular RV-LV 
Interactions in RV Hypertension

Our group’s experiments in a more chronic rab-
bit model of RV hypertension from pulmonary 
artery banding further extended the potential 
therapeutic effects of harnessing common myo-
cardial fibers discussed above in regard to the 
benefits of acute aortic constriction on RV func-
tion during acute RV hypertension [52]. We 
found that RV hypertension leads to RV and LV 
dysfunction and impaired contractile function in 
association with myocyte hypertrophy and 
development of interstitial fibrosis [52]. By add-
ing a mildly constricting aortic band, we 
obtained an increase in RV contractility without 
compromising LV contractility (indeed there 
was even a small increase in LV contractility) 
[52]. This functional benefit was associated with 
improved histological findings including 
decreased extracellular matrix remodeling, 
decreased biventricular fibrosis, and decreased 
profibrotic molecular signaling through the 
transforming growth factor beta (TGFβ1) and 
endothelin (ET)-1 pathways [52, 58, 59]. 
Similarly, in juvenile rabbits with RV hyperten-
sion and pulmonary artery banding, septal apop-
tosis, fibrosis, and reduced capillary density 
develop and extend to the LV free wall [60]. The 
improved RV and LV function with addition of a 
mild aortic band in the pulmonary artery band 
rabbit model may also stem from partial reversal 
of leftward septal displacement, improved RV 
and LV geometry, and increased LV contractility 
secondary to the increased LV load. The devel-
opment of RV and LV fibrosis secondary to RV 
hypertension can also be ameliorated by phar-
macological therapy including angiotensin 
receptor and ET-1 receptor blockade which 
reduce TGFβ1 signaling [58, 59, 61].

 RV-LV Interactions at the Septal 
Hinge-Point Regions

The geometrical-temporal RV-LV cross talk in 
RV hypertension occurs, at least in part, at the 
septal hinge-point regions where increased shear 
stress and regional injury occur [21, 62, 63]. 
Indeed, LV circumferential and RV longitudinal 
shortening at the RV septal insertion regions con-
tribute to increased stress, shear forces, and fibro-
sis [21, 64, 65]. These increased mechanical 
stresses trigger mechanotransduction and molec-
ular signaling through integrins to upregulate 
transforming growth factor beta (TGFβ) signal-
ing that ultimately is associated with extracellu-
lar matrix remodeling and fibrosis [66]. This 
mechanotransduction signaling is most promi-
nent in the hypertensive RV and septal hinge- 
point regions [63, 66]. However, effects may not 
all be detrimental, as concomitantly with 
increased fibrosis, we also found increased elas-
tin deposition at the septal hinge points [66]. 
Elastin, a more compliant material than stiff 
fibrillar collagen, may serve to increase compli-
ance in these septal connecting regions, thereby 
partially buffering the LV from adverse myocar-
dial RV-LV interactions [66].

The high-stress septal hinge-point areas also 
manifest clinically in human PAH patients, where 
MRI delayed gadolinium enhancement fibrosis 
imaging is increased at the RV septal insertion 
points in relation to the severity of RV afterload 
[64, 67, 68]. Thus, septal hinge-point fibrosis 
may be clinically important as it is associated 
with reduced RV function and increased mortal-
ity [64, 67]. In children with PAH, we found that 
decreased LV myocardial shortening was most 
prominent at the septum, consistent with the 
experimental and clinical findings at the septal 
hinge-point regions [69].

Similar to findings in rat and rabbit PAB mod-
els, mice with PAB demonstrate impaired RV and 
LV systolic function along with decreased LV 
stroke work, torsion and torsion rate, and mildly 
increased LV fibrosis, attributed to increased 
myocardial stress [70]. The LV histological and 
functional changes and fibrosis were accompa-
nied by increased β-MHC expression and 
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decreased expression of Ca2+-handling proteins 
[70]. The changes in α- and β-MHC expression 
were in turn associated with the changes in LV 
mechanics. Interestingly, the association between 
increased RV pressure loading and decreased LV 
torsion mechanics is in contrast to findings from 
acute experiments where the LV responded to an 
acute increase in RV pressure loading and 
decreased RV stroke volume by an acute increase 
in torsion and untwist rate [71]. The differences 
between these results may possibly be explained 
by the development of myocardial hypertrophy 
and fibrosis in the chronic models and by differ-
ences in volume loading, coronary perfusion, and 
different myocardial mechanics in acute versus 
chronic conditions. Indeed, acute RV pressure 
loading can lead to acute decreases in LV con-
tractility, developed pressure, diastolic volume, 
and cardiac output that correlate with decreased 
LV and septal circumferential strain, LV untwist-
ing, and apical rotation [72]. The septal circum-
ferential strain, which likely correlates with 
septal oblique myofibers described above, was 
the most important factor associated with reduced 
LV performance [72].

 Therapeutic Targeting of Molecular- 
Tissue RV-LV Interactions in RV 
Hypertension

Increasing the pressure load of the contralateral 
ventricle through aortic or pulmonary artery 
banding may be effective in changing ventricular 
geometry, septal position, and contralateral ven-
tricular contractility. However, this invasive 
approach may be difficult to apply clinically in 
fragile patients. Consequently, pharmacologi-
cally inhibiting the adverse molecular signaling 
in the RV and the septal hinge-point regions lead-
ing to tissue injury and increased fibrosis may be 
a therapeutic option to address the molecular- 
tissue effects of adverse RV-LV interactions. As 
detailed above, in PAB rabbit models, we showed 
that angiotensin and endothelin-receptor block-
ades, both of which decrease TGFβ signaling, 
lead to decreased biventricular fibrosis and 
improved biventricular function [58, 59, 61].

Pharmacological therapy to reduce heart rate 
may also be beneficial in certain circumstances to 
address the temporal aspects of adverse RV-LV 
interactions in RV pressure loading and PAH. In 
rat models of PAH and pulmonary artery band-
ing, we showed that slowing heart rate using the 
beta-adrenergic receptor antagonist carvedilol, or 
the non-adrenergic agent ivabradine, improves 
RV and LV function through alignment of RV 
and LV events [73–75]. We attributed this realign-
ment in RV-LV events to improved RV diastolic 
relaxation, possibly due to improved Ca2+ cycling 
[73–75]. Importantly, the improved biventricular 
function was associated with reduced fibrosis and 
cardiomyocyte hypertrophy, even though RV sys-
tolic pressures and RV-LV geometry and com-
pression were unchanged, showing that heart 
rate-reducing agents were not acting through 
alleviation of pulmonary arterial or RV pressures 
[73–75].

 RV-LV Interactions in Congenital 
Heart Disease

Because of pressure and/or volume loading and 
distorted ventricular structure and geometry, var-
ious congenital heart diseases can demonstrate 
the physiological and clinical importance of 
ventricular- ventricular interactions. An intrigu-
ing example is when one of the ventricles is 
severely hypoplastic. Functionally single ventri-
cles have markedly altered myocardial mechan-
ics including myocardial shortening, twist, and 
radial motion. While these may be impacted by 
multiple factors, the lack of a contralateral ven-
tricle may constitute one of these factors. An 
example of such adverse interactions can be seen 
in hypoplastic left-heart syndrome, where the 
direct and indirect impacts of an underdeveloped 
LV may alter RV and TV annular configuration 
and worsen TR, which increases the risk for death 
or need for heart transplant [76]. The presence of 
a small LV can also distort RV geometry and 
cause RV apical bulging, which we found to be 
associated with impaired RV mechanics and 
increased risk for heart transplant or death [77]. 
We further found diminished septal strain in 
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HLHS patients with a moderately hypoplastic LV 
(and hence relatively larger LV) versus a diminu-
tive (and hence almost absent) LV, in association 
with asymmetric RV mechanics and worse clini-
cal outcome [78]. Thus, the presence of a hypo-
plastic LV may be worse than having no 
discernable LV, as RV geometry appears to be 
adversely affected.

A maldeveloped RV can also impact LV func-
tion, as occurs in Ebstein’s anomaly of the tricus-
pid valve. In this condition, the tricuspid septal 
and inferior leaflets are displaced and rotated 
apically and towards the RV outflow tract. This 
yields a variable length of the interventricular 
septum as part of functional right atrium, a small 
“functional” RV distal to the displaced tricuspid 
leaflets, that has impaired myocardial function, 
and variable but often severe TR. In these chil-
dren, we found that an early diastolic leftward 
interventricular shift is found in most patients 
and associated with decreased LV filling and 
with more TR [79]. Moreover, reduced pulmo-
nary artery antegrade flow was associated with 
lower LV filling, LV volumes, LVEF, and output. 
Importantly, from a clinical perspective, impaired 
LV systolic and diastolic volumes and perfor-
mance were associated with reduced exercise 
capacity [79]. We hypothesized that prolonged 
RV systole and increased TR may impede LV 
filling, whereas decreased LVEF, SV, systolic 
strain, and delayed aortic and atrioventricular 
valve opening and closure suggest impaired con-
tractile force development, possibly related to 
enlargement and dysfunction of the “functional” 
RV (the portion of the RV that remains distal to 
the displaced tricuspid valve). We also hypothe-
sized that early rightward IVS motion may 
impede LV systolic function, and an ineffective 
leftward systolic septal shift may impede pres-
sure development [79]. Thus, although the patho-
physiology is completely different from PAH, 
some of the adverse RV-LV interactions have 
similar features stemming from impaired RV 
contractile function and disparate RV and LV 
events and geometry. Indeed, severe Ebstein’s 
anomaly that manifests clinically in the early 
neonatal period can be very difficult to manage, 

even if the LV functions well. Thus, the RV is 
clearly central to cardiac function and clinical 
outcomes in these situations.

The effects of an abnormal RV on the LV are 
also apparent in repaired tetralogy of Fallot. 
Tetralogy of Fallot is a cyanotic congenital heart 
disease characterized by RV outflow tract 
obstruction and a large ventricular septal defect. 
After surgical “repair” in infancy, which patch- 
closes the ventricular septal defect and relieves 
RV outflow tract obstruction, there is often pul-
monary regurgitation due to disruption of the pul-
monary valve [80]. Consequently, chronic RV 
volume loading and dilatation impact both RV 
and LV filling, function, and mechanics [81]. RV 
dilatation is associated with impaired LV intra-
cavitary flow patterns, specifically, LV diastolic 
flow and flow of the residual blood volume that is 
retained in the ventricle after ejection [82]. These 
impaired LV flow patterns correlate with reduced 
LV circumferential shortening and ejection frac-
tion [82]. These abnormal flow patterns are likely 
associated with impaired LV kinetic energy [83]. 
Reduced LV twist and strain have also been found 
in this population, in relation to RV dilatation [4, 
84–88]. The common apical myofibers, which 
determine to a large extent LV twist-untwist, may 
be responsible for the decrease in LV torsion, and 
consequently decreases in LV intraventricular 
pressure gradients and diastolic suction [89, 90]. 
Indeed, even though tetralogy of Fallot is thought 
to be a “right-heart” disease, both RV and LV dia-
stolic functions are impaired after tetralogy of 
Fallot surgical repair, in part due to the effects of 
adverse ventricular-ventricular interactions [91–
93]. The association between RV and LV func-
tion in repaired tetralogy of Fallot is also found at 
the myocardial level [94]. Our group showed that 
reduced LV early diastolic deformation is associ-
ated with RV dilatation and pulmonary regurgita-
tion [91]. However, LV dysfunction in repaired 
tetralogy of Fallot may not only stem from RV 
abnormalities. Aortic dilatation is very common 
after tetralogy of Fallot repair and may be associ-
ated with increased aortic shear stress, stiffness, 
and abnormal flow that may directly impact LV 
function [95, 96].
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 Summary

In summary, the RV and LV are tightly linked. 
Consequently, function and events in one ventri-
cle can profoundly impact the contralateral ven-
tricle. These adverse interactions are found in 
diverse acquired and congenital heart diseases 
and seem to be critical in severe RV hyperten-
sion, most importantly PAH.  The challenge is 
often to determine which outcomes are due to 
adverse RV-LV interactions versus ipsilateral 
effects. Answering this question will assist in 
designing therapies that can leverage beneficial 
ventricular-ventricular interactions while reduc-
ing the effects of adverse RV-LV interactions.
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Abbreviations

BMI Body mass index
BSA Body surface area
CMR Cardiac magnetic resonance 

imaging
LV Left ventricular
MESA-RV Multi-ethnic study of atheroscle-

rosis right ventricle study
RV Right ventricular
RVEDV Right ventricular end-diastolic 

volume
RVEF Right ventricular ejection fraction
RVESV Right ventricular end-systolic 

volume
RVM Right ventricular mass
RVSV Right ventricular stroke volume
SENC Strain encoding
SSFP Steady-state free procession
TAPSE Tricuspid annular plane excursion

 Introduction

The role of cardiac magnetic resonance (CMR) 
imaging is well established in the evaluation of a 
wide range of cardiovascular diseases, both 
acquired and congenital. It is non-invasive, does 
not need favourable acoustic windows and does 
not involve the use of ionising radiation. 
Determination of ventricular volumes and func-
tion can be obtained by steady-state free proces-
sion (SSFP) bright blood cine MRI without the 
need for contrast administration. Over the last 
two decades CMR has become recognised as the 
gold standard for determining left and right ven-
tricular structure and function with accuracy 
demonstrated in a broad range of diseases [1–6] 
and in comparison to anatomical specimens [7]. 
It is particularly suited to the morphology of the 
right ventricle (RV) because the RV has a com-
plex structure and contractile pattern which 
makes accurate assessment by 2D methods such 
as standard echocardiography more difficult. The 
high-resolution, three-dimensional images 
obtainable by CMR (Fig. 5.1) avoid the need for 
any geometrical assumptions and have been 
shown to have superior interstudy reproducibility 
for right ventricular volume and mass when com-
pared with echocardiography. CMR is therefore 
an attractive modality for monitoring ventricular 
function in disease states [8–10].

More recently three-dimensional 
echocardiography has also emerged as a 
promising tool for the assessment of RV volumes. 
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Accurate volumetric data has been reported in a 
variety of disease states including pulmonary 
hypertension (PH) and congenital heart disease. 
However reported accuracy in the literature has 
varied [11–15]. Challenges remain in acquiring 
good-quality 3D data sets in patients with poor 
imaging windows and accuracy tends to decrease 
with increasing RV dilatation potentially limiting 
the use of 3D echocardiography in more advanced 
RV disease [16].

It is now clear that, for patients with pulmo-
nary hypertension, the extent of right ventricular 
adaptation to an increased afterload is the main 
determinant of outcome. What is also clear is that 
there is not a linear relationship between pulmo-
nary vascular resistance and right ventricular 
function; the right ventricle is coupled to the pul-
monary circulation but it is possible for there to 
be an improvement in pulmonary vascular resis-
tance but a deterioration in right ventricular func-
tion and it is the right ventricular function that 
determines prognosis.

CMR also provides information on RV perfor-
mance in the context of loading conditions 
through the assessment of both global and 
regional ventricular function, interventricular 
interdependence and right ventricular-pulmonary 
circulatory coupling. Finally damage to the ven-
tricle such as myocardial scarring and fibrosis 
can be determined from late gadolinium enhance-
ment or T1 mapping.

CMR is not without limitation. It is less suit-
able for haemodynamic measurements than 
echocardiography due to more limited temporal 
resolution and, though accurate measurements 
can be made of flow, CMR cannot be used to 
measure pressure. It should be noted however 
that pulmonary artery pressure (PAH) alone does 
not define right ventricular function but the many 
variables that can be measured by CMR do esti-
mate RV function and we know that it is right 
ventricular function not pressure that determines 
survival in pulmonary hypertension. CMR is 
expensive and less widely available in clinical 
practice. Incompatibilities with some ferrous 
implants such as cardiac pacemakers or aneu-
rysm clips exist [17]. Claustrophobia, body habi-
tus, long scan times and need for repetitive 
breath-holds for acquisition of images to reduce 
respiratory motion artefact may limit tolerance in 
some patients. However with advancing technol-
ogy it is now possible to perform both single 
breath-hold techniques and real-time acquisitions 
with adequate resolution [18, 19]. One of the 
main reasons for the lack of widespread use of 
CMR in the evaluation of patients with pulmo-
nary hypertension is that CMR has not been used 
in clinical trials. This is now changing (see later) 
and we can expect that the unique advantages of 
CMR will become more apparent.

In this chapter we describe the CMR variables 
that can be recorded in the normal right ventricle 

a b

Fig. 5.1 Cardiac MRI images of a normal subject. (a) Four-chamber long-axis view showing right and left atria (RA 
and LA, respectively) and right and left ventricle (RV, LV, respectively). (b) Short-axis view
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and then examine the effects of pulmonary hyper-
tension and the effects of treatment of pulmonary 
hypertension on these variables.

 Measuring Ventricular Volumes, 
Mass and Global Function

Ventricular volume is determined using a “stack” 
of contiguous short-axis slices 5–10  mm thick 
acquired during breath-hold (typically in regions 
of 5–18  s), ECG-gated cine “bright” blood 
sequences (Fig. 5.2). This sequence gives good 
blood-myocardial contrast to allow tracing of 
endocardial and epicardial contours either man-
ually or with the use of semi-automated software 
on end-diastolic and end-systolic frames. 
Ventricular volume is calculated as the sum of 
individual slice volumes (Simpson’s rule). 
Ventricular mass is determined by multiplying 

myocardial volume by the muscle-specific den-
sity for myocardial tissue 1.05 g/cm3 (Fig. 5.3). 
Inclusion or exclusion of the RV trabeculations 
as either mass or volume is the source of inter-
study variability and standardised approach is 
recommended [20]. Geometric shortening can 
be determined in both longitudinal and trans-
verse planes. In the normal subject most of the 
RV contraction is longitudinal and is well 
described by echocardiogram-derived tricuspid 
annular plane systolic excursion (TAPSE). 
However, transverse plane shortening has been 
shown to be superior to echo-derived TAPSE as 
a surrogate for right ventricular ejection fraction 
(RVEF) in RV disease [21] and a potential tool 
for monitoring RV performance [22]. 
Isovolumetric relaxation time can also be a 
marker of RV diastolic dysfunction which has 
been related to the severity of disease in pulmo-
nary arterial hypertension [23].

Fig. 5.2 Ventricular volume is determined using a 
“stack” of contiguous short-axis slices 5–10  mm thick. 
Endocardial (shown in red) and epicardial contours (in 
green) are then traced on end-diastolic and end-systolic 
frames. Ventricular volume is calculated as the sum of 
individual slice volumes (Simpson’s rule). Ventricular 

mass is determined by multiplying myocardial volume by 
the muscle-specific density for myocardial tissue (1.05 g/
cm3). Ejection fraction is then calculated by end-diastolic 
volume–end-systolic volume (i.e. stroke volume) divided 
by end-diastolic volume
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Interventricular interaction is another impor-
tant consideration in RV dysfunction. In pulmo-
nary hypertension, increased trans-septal 
pressure gradient causes bowing of the interven-
tricular septum towards the LV (LVSB) [24]. 
Furthermore the two ventricles become dyssyn-
chronous. CMR studies in PH, using myocardial 
tagging techniques (discussed below), have 
shown ventricular asynchrony with a left-to-right 
delay in myocardial peak shortening due to pro-
longed RV shortening [25]. This is likely related 
to increased RV wall tension, and is a probable 
explanation of LVSB seen in PH due to ongoing 
RV contraction during the LV relaxation phase.

Encoding the CMR signal phase for velocity 
(phase velocity mapping) allows determination 
of flow velocities and volume. By multiplying 
blood velocity by the cross-sectional area of cho-
sen vessel, such as the main pulmonary artery, 
volumetric flow such as stroke volume (SV) can 
be calculated [26]. In addition this method can be 
used to quantify valvular regurgitant fractions 
and ventricular ejection fraction; determine ven-
tricular diastolic filling patterns; and, by compar-
ing aortic and pulmonary arterial flow, provide a 
measure of intra-cardiac shunt [27]. Flow assess-
ment by CMR has an advantage over echocar-
diography because it can be conducted in any 
orientation or plane whereas accurate echocar-

diographic assessment requires the flow to be 
parallel to the echocardiographic plane. 
Additionally, CMR is better suited to interrogate 
eccentric regurgitant jets in valvular disease [17, 
28, 29]. Phase-contrast flow is however less 
accurate in the presence of cardiac arrhythmia or 
turbulent blood flow.

 Measuring Regional Right Ventricular 
Function: Myocardial Tagging 
and Strain Mapping

The CMR equivalent to echocardiographic tissue 
Doppler techniques to demonstrate regional 
myocardial defects is myocardial tagging which 
can be used to determine three-dimensional 
motion and deformation in the heart [30]. Tags 
are regions of tissue which are altered prior to 
acquisition so that they appear as dark regions in 
a grid-like pattern on CMR images. Changes of 
these dark areas during contraction provide infor-
mation about myocardial shortening. Strain is 
defined as a relative change in tissue length, 
expressed as a percentage. Longitudinal strain is 
measured from a four-chamber tagged slice. 
Radial and circumferential strains are determined 
from short-axis images [31, 32]. Strain rate 
(change in strain per unit time) can also be deter-

Calculation of Ventricular Mass and Ventricular
Mass Index[VMI]

1.05 g/cm3

Fig. 5.3 Measurement 
of RV mass and 
ventricular mass index 
(VMI). The ventricle 
(RV or LV) is sliced up 
and then the volume of 
each slice calculated and 
this is multiplied by 
myocardial density of 
1.05 g/ml to calculate 
mass. To calculate 
ventricular mass index 
the mass of the right 
ventricle is divided by 
the mass of the left 
ventricle
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mined and give clues to diastolic RV dysfunction 
[33]. In addition to quantitative strain maps, 
direct visual assessment of myocardial contractil-
ity is possible using strain encoding (SENC) 
imaging which provides colour-coded, high- 
resolution map of plane strain [34]. Tissue tag-
ging in the RV in comparison to the left ventricle 
(LV) is challenging due to reduced RV wall 

thickness (normally 2–6  mm) which limits the 
number of tag lines for strain analysis. However, 
improving techniques have demonstrated good 
inter- and intra-observer variability [35–38]. In 
particular feature tracking appears to be a major 
advance and regional motion in both the RV and 
LV can be determined at the same sitting 
(Fig. 5.4).

a

b

Fig. 5.4 Strain by feature tracking. Features are placed 
along the endocardium that correspond to unique anatom-
ical structures. These structures can be followed through 
the cardiac cycle. Green loops are tracks of movement of 

that segment during contraction and relaxation. (a) RV 
strain by feature tracking. (b) Calculation of regional RV 
strain from images in (a)
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 CMR-Guided Right-Heart 
Catheterisation

CMR is ideally suited for the determination of 
RV pump function but cannot be used to deter-
mine the cardiovascular pressures which are 
required for the assessment of more load- 
independent variables such as myocardial con-
tractility. Pressure-volume (PV) relationships 
derived from RV PV loops provide additional 
information on RV pump function, mechanical 
interaction of the RV with its pulmonary vascu-
lar load (RV-PA coupling—see below) and its 
contractile state. Recent advances in CMR have 
enabled a hybrid technique of real-time imaging 
CMR-guided endovascular catheterisation 
(magnetic resonance fluoroscopy) which has 
allowed generation of RV pressure-volume 
loops with derivation of RV afterload and myo-
cardial contractility allowing determination of 
RV-PA coupling, the interaction between the 
two variables [39]. Experiences described in the 
literature are limited to single-centre experience 
but demonstrated reproducible assessment of 
PVR in patients with pulmonary hypertension 
(PH) [40]. Inefficient RV coupling in compari-
son to six control subjects has been shown in PH 
patients by this method despite higher myocar-
dial contractility [41]. At present the technique 
of CMR-guided catheterisation is a research 
tool only and has significant limitations due to 
costs and availability of CMR-compatible 
equipment which may restrict eventual clinical 
applications.

A simplified method—known as the volume 
method—for determining RV-PA coupling non- 
invasively by CMR using the ratio of stroke vol-
ume to end-systolic volume (SV/ESV) has been 
shown to be preserved initially in mild PH, which 
then falls with increasing disease severity [42]. 
This surrogate measure potentially evaluates RV 
systolic function in a less preload-dependent 
fashion than the traditional RVEF. However, this 
ratio assumes in its derivation that the volume 
intercept of the end-systolic pressure-volume 
slope is zero. Recent report in literature in PH has 
suggested that this may not be true [43]. SV/ESV 
therefore required further evaluation of its clini-
cal application and this has been done (see later).

 Defining Normal Values for Right 
Ventricular Mass and Volume

Accurate quantification of ventricular dimen-
sions and function is crucial in distinguishing 
disease states from the normal. It has been shown 
that the development of CMR has improved the 
measurement accuracy of RV variables. 
Establishing what constitutes a “normal range” 
of RV volumes, mass and function is essential for 
the effective use of these measurements in clini-
cal practice. LV mass and volumes are known to 
vary by age, sex and race and are typically 
adjusted for body surface area (BSA) [44–46]. 
Echocardiography and autopsy studies have 
demonstrated significant age- and sex-related dif-
ferences in both cardiac function and mass in 
healthy subjects [47–49]. Autopsy studies have 
also shown that cardiac mass is related to subject 
weight, height and BSA [49, 50]. Establishing 
CMR RV mass, volume (RV end-diastolic vol-
ume (RVEDV) and RV end-systolic volume 
(RVESV)) and function (RVEF) reference ranges 
therefore requires consideration of both absolute 
and “normalised” values in a diverse healthy ref-
erence database. Over the last decade a number 
of studies have reported normal values for right 
ventricular structure and function but have been 
limited by small sample size over a narrow age 
range with varying acquisition techniques [9, 
51–53]. More recently, the multi-ethnic study of 
atherosclerosis (MESA)-right ventricle study, a 
multicentre prospective cohort study of over 
4000 participants without evidence of clinical 
cardiovascular disease at baseline [54], has eval-
uated a number of patient demographics that 
should be considered in CMR value  interpretation, 
including body size, age, sex and race, physical 
activity and obesity.

 Factors Affecting Normal Values: 
Scaling Right Ventricular Size 
and Function for Body Size

Extensive evidence exists from both the animal 
kingdom and human autopsy studies which 
showed that cardiac size and function vary with 
body size and scaling of functional cardiac 
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 variables such as cardiac output is a common 
clinical practice. Conventional cardiovascular 
scaling approach uses a ratiometric method of 
dividing indices such as RV mass by a measure of 
body size such as height or BSA.

Ratiometric scaling relies on linear relation-
ship between RV variables and body size vari-
ables. This method has been proposed to have 
several limitations for cardiovascular scaling and 
allometric scaling, where the cardiovascular 
variable divided by the body size variable raised 
to a scalar exponent is suggested as a superior 
alternative [55, 56]. This has been modelled in 
LV parameters of cavity dimensions and mass 
where the relationship between BSA and LV vol-
ume and mass was better described by the allo-
metric method [57, 58]. Currently scaling 
methods for the RV are uncertain and a subject 
of research.

 Ageing and the Right Ventricle
In autopsy studies, increasing age is associated 
with myocyte loss and decreases in LV mass and 
volume in males but not females [50]. Absolute 
and indexed CMR-derived RV mass and volumes 
have also been shown to be lower with increasing 
age [59–62].

 Sex
In large population studies of healthy individuals 
free from cardiovascular disease absolute right 
ventricular volumes are consistently greater in 
men than women [59, 63]. RV mass has been 
reported as up to 8–15% lower and RV volumes 
10–25% lower in females [59, 60]. These differ-
ences have been shown to persist despite adjust-
ment for the larger BSA seen in men [62]. In 
general no sex differences have been reported in 
RVEF, with the exception of the larger MESA-RV 
study where males had 4% lower RVEF after 
adjustment for age and ethnicity [59]. These sex 
differences are likely hormonal related [64–66]. 
Higher levels of estradiol are associated with bet-
ter RV systolic function in healthy postmeno-
pausal women taking hormone replacement and 
higher levels of androgens in both males and 
postmenopausal women are associated with 
greater RV mass, higher stroke volume and larger 
RV volumes [67].

 Race
The influence of ethnicity on CMR RV variables 
has been less well studied. MESA-RV has reported 
lower RV mass in African Americans and higher 
RV mass in Hispanics in comparison to Caucasians 
in a population free of cardiovascular disease [59]. 
After adjustment for LV mass, only lower RV 
mass in African Americans remained significant 
suggesting a RV-specific effect.

 Physical Activity (in the Non-athlete)
Long-term high-intensity exercise in elite ath-
letes is well documented to cause adaptive 
changes in cardiac structure characterised by 
increases in LV mass, volume and wall thickness 
with a small number of CMR studies showing 
increases in RV mass and volume, the so-called 
athlete’s heart which will be discussed in Chap. 6 
[68–71]. Levels of physical activity in non- 
athletes however have also been shown to influ-
ence RV mass and volumes. The MESA-RV 
cohort has been used to interrogate levels and 
intensity of activity from household chores, gar-
dening and walking to sports and leisure activi-
ties [72]. Higher levels of moderate and vigorous 
physical activity were associated with greater RV 
mass and volumes after age, body size and sex 
adjustment, although the absolute value was low 
(1 g of RV mass from lowest to highest quintile 
of activity, and 7% increase in RVEDV) which 
remained significant after adjusting for LV size.

 Obesity
RV mass and volumes determined by CMR are 
higher in obese individuals even after adjustment 
for the corresponding LV variable and demo-
graphics. Chahal et al. demonstrated a 14% abso-
lute and 8% LV-adjusted higher RV mass, 16% 
higher RVSV, larger RVEDV and slightly lower 
RVEF in healthy obese individuals without 
reported symptoms suggestive of a sleep disorder 
[73, 74]. Persistence of greater RV mass and vol-
umes after adjustment for LV variables or height 
suggests that these increases could not be attrib-
uted to increased body size alone.

 Normative Equations for RV Variables
MESA-RV study has derived sex-specific refer-
ence equations for RV mass, RV volumes and 
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RVEF from a subset of 441 healthy, non-obese, 
never smokers which incorporate age, height and 
weight adjustment [59]. While these equations 
need to be validated before clinical use they may 
in future serve as reference values in defining 
abnormal RV morphology and function. Three 
large cohort studies including MESA-RV have 
now published age- and sex-specific CMR right 
ventricular reference ranges for mass, volume 
and function [59, 60, 62].

 Role of CMR in the Diagnosis 
and Management of Patients 
with Pulmonary Hypertension

 Diagnosis of Pulmonary 
Hypertension

As the afterload (PVR) increases in patients with 
pulmonary hypertension the RV initially com-
pensates (homeometric/adaptive hypertrophy) 
and then as the condition progresses starts to 
decompensate with asymmetrical hypertrophy, 
dilatation and loss of ventriculo-arterial coupling 
(Fig.  5.5). The main use of CMR in PH is to 
determine this right ventricular response to pul-

monary hypertension rather than the cause of pul-
monary hypertension [74–76] (Table 5.1).

The exceptions to this rule are the diagnosis of 
PH in association with congenital heart disease 
and the diagnosis of PH associated with diastolic 
dysfunction of the left ventricle (Hf-PEF) where 
the size of the left atrium—easily determined by 
CMR—tells us whether a patient is suffering 
from pulmonary arterial hypertension or pulmo-
nary venous hypertension [77] (Fig. 5.6).

 Effects of Pulmonary Hypertension 
on Cardiac Structure: Measurements 
by CMR

 RV (and LV) Mass/Volumes/Damage
With the rise in primary vascular resistance there 
is an associated increase in right ventricular 
mass. What is unclear is whether this increase in 
mass is a good thing or a bad thing. It certainly 
seems that compensatory increase in mass is a 
good thing (e.g. in congenital heart disease) but 
too much or asymmetric increase in mass is a bad 
thing. Mass can be best estimated using CMR by 
measurement of ventricular mass index VMI [78] 
where the RV mass is divided by the LV mass. As 

Fig. 5.5 Cardiac MRI in a healthy subject and one with severe PAH. Four-chamber and short-axis views show the 
abnormalities seen in pulmonary hypertension. (Kind T. et al. J Cardiovasc Magn Reson 2010;12:35)
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the RV mass rises the LV mass falls in PH because 
of decreased filling pressure of the LV and there 
is a very good relationship between VMI and PA 
pressure. However, RV mass change is probably 
not an important variable when monitoring 
response to treatment for pulmonary hyperten-
sion [79].

CMR can be used to measure the following 
volumes: end-systolic volume (ESV), 

Table 5.1 Cardiac magnetic resonance imaging (CMRI) 
variables that have prognostic value in pulmonary 
hypertension

RVEF% <35
Stroke volume index (ml/m2) <25
Ventricular mass index >0.56
LV end-diastolic volume index (ml/m2) <40
RV end-diastolic volume index (ml/m2) >84
LV end-systolic volume index (ml/m2) 15 ± 9
RV end-systolic volume index (ml/m2) 47 ± 21

HFpEFIPAH

• Biplane Area-length Method

• Left Atrial Volume
  = (0.848 x area4ch x area2ch/[(length4ch x length2ch)/2]

• Left Atrial Volume (LAV) then indexed to Body Surface Area

a

b

Fig. 5.6 Distinguishing pulmonary venous hypertension 
(HFpEF) from pulmonary arterial hypertension. Four- 
chamber view shows enlargement of right atrium and 
right ventricle in both patients but in the patient with 

HFpEF there is enlargement of the left atrium (Fig. 5.4a); 
this is measured (Fig. 5.4b) by the biplane method and if 
enlarged reliably excludes PAH. (Crawley et  al. JACC 
Imaging 2013)
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end- diastolic volume (EDV), stroke volume (SV) 
and ejection fraction (EF) [75, 80]. Clearly all 
these variables can be measured in both the RV 
and the LV at the same sitting and it is very inter-
esting that often the LV variables, because they 
are surrogates for RV function, are as important 
and are easier to measure [81]. Of these probably 
the most important variables in the determination 
of RV function are the RVEF and the RVSV 
(LVSV).

The presence of reduced SV, reduced RVEF 
and increased RV volumes with decreased 
LVEDV all point to a poor prognosis [74]. Global 
RV systolic function is probably best measured 
by right ventricular ejection fraction but the vol-
ume measure of ventriculo-arterial coupling SV 
over ESV has been shown to be even more sig-
nificant than RVEF in some studies [82, 83] (see 
below).

The best way to measure right ventricular 
damage in the face of pulmonary hypertension is 
by late gadolinium enhancement. Gadolinium is 
a contrast agent used in CMR and when there is 
damage to the myocardium the gadolinium does 
not clear from the damaged tissue so outlines that 
tissue. It has been shown that in pulmonary 
hypertension there is late gadolinium enhance-
ment in the interventricular septum but also par-
ticularly at the insertion points of the right 
ventricle into the left ventricle. The mass of late 
gadolinium enhancement which is believed to be 
due to cardiac fibrosis (Fig.  5.7, [84]) corre-
sponds with a number of measures of RV func-
tion [85]. Gadolinium is nephrotoxic so there has 
been research into ways of getting the same 
imaging without the use of the injected contrast; 
this can be provided by T1 mapping using CMR.

 Effects of Pulmonary Hypertension 
on Cardiac Function: Measurements 
by CMR

 RV-PA Coupling
The gold standard measure of RV systolic func-
tional adaptation to changes in afterload is to 
measure end-systolic elastance (Ees), which is 
derived by dividing end-systolic pressure (ESP) 

by end-systolic volume (ESV), corrected for arte-
rial elastance (Ea) (stroke volume/ESP). This 
load-independent measure of RV-PA coupling 
defines matching of RV contractility to afterload. 
This calculation requires instantaneous measure-
ment of RV pressure and volume which is not 
practical; this can be simplified for pressure and 
expressed as the SV/ESV ratio (the volume 
method).

The mathematical formulation is as follows:
RV-PA coupling is the ratio of RV end-systolic 

elastance (Ees) to arterial elastance (Ea) where 
Ees  =  end-systolic pressure (ESP)/end-systolic 
volume (ESV) and Ea = ESP/stroke volume (SV).

We can solve for ESP which gives us RV-PA 
coupling = ESV/SV.

In a study of 140 treatment-naïve patients by 
Brewis et al. [82] RV-PA coupling measurements 
by volume method (SV/ESV) predicted outcome 
even better than RVEF, and there were no added 
benefits of RV-PA coupling measurements by the 
invasive pressure method [42].

 Global vs. Regional Cardiac Function 
in PH
Clearly, global RV function can be well 
described by ventricular volumes and volume 
change as noted above but regional cardiac 
function measurement which can be measured 
by MRI tagging techniques such as feature 
tracking is becoming increasingly important in 
our investigation of changes in cardiac func-
tion with pulmonary hypertension. These anal-
yses by strain and strain rate allow us to 
examine regional distortion of ventricular 
shape and function, e.g. longitudinal vs. cir-
cumferential (Fig.  5.4) and interventricular 
dyssynchrony.

 Myocardial Perfusion
Myocardial perfusion can be determined by 
CMR after intravenous injection of agents such 
as adenosine. It has been shown that myocardial 
perfusion indices are reduced in patients with 
pulmonary arterial hypertension and the perfu-
sion is inversely related to RV work or 
PAP. Studies continue into the use of this mea-
surement but at present we do not know whether 
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the reduced perfusion is a cause or a consequence 
of the reduced RV function.

 Treatment of Pulmonary 
Hypertension: Efficacy Measured 
by CMR

It is clear that the purpose of treatment of pulmo-
nary hypertension is not simply a reduction in 

pressure or even in PVR but an improvement in 
RV function (Fig. 5.8). The dissociation between 
RV function and PVR was shown by van de 
Veerdonk [86]. The use of CMR to measure the 
efficacy of treatment for pulmonary hypertension 
was suggested a number of years ago by the 
Euro-MR study [81], which was the largest study 
ever conducted on the treatment effect in PAH 
measured by CMR. The study examined patients 
from Glasgow, Rome, Amsterdam and Graz. The 

Pre-contrast short axis image 
demonstrating IVS bowing

Post-contrast short axis image 
demonstrating Septal (1) (and RV

insertion point (2)) Contrast
enhancement 

1

2

a

b

Fig. 5.7 Imaging of right ventricular myocardial damage 
in a patient with pulmonary hypertension; there is (a) late 
gadolinium enhancement related to the interventricular 
septum and right ventricular insertion points. (b) 

Histology of an area of late gadolinium enhancement in 
an animal model showing fibrosis at the site. (McCann 
AJR 2007)
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investigators found that CMR-derived variables 
measured at baseline, 4  months and 12  months 
following approved PAH treatment not only 
improved early on (i.e. <4  months) but the 
improvement was maintained at 12 months. This 
improvement was best measured by improve-
ments in RV volumes and left ventricular func-
tion (due to the increased filling by the recovering 
RV). It has been shown [87] that a significant 
improvement in the clinical state of pulmonary 
hypertension requires at least a 10 ml improve-
ment in SV measured by CMR.

That study was not a clinical trial. In a recent 
editorial we heard a cry of distress from the 
Amsterdam group [88]; their cry, in relation to 
the use of MRI in pulmonary hypertension, was 
“Why are we still waiting?” Their answer which 
is probably correct was that clinicians do not take 
notice of a measurement until it has been used in 
clinical trials. CMR-derived changes in RV vari-
ables are now being used in clinical trials and for 

the first time being used as a primary end point in 
the REPLACE and REPAIR studies [89, 90].

 Conclusion

CMR is well suited for the determination of RV 
variables because the complex configuration of 
the RV is better described by three-dimensional 
volume acquisition. CMR has shown excellent 
accuracy and reproducibility for RV measure-
ments and is superior to echocardiography. It is 
important to characterise normal variants in order 
to establish healthy reference ranges which can 
be compared with disease states and in serial 
studies adjust for confounders. The normal range 
of RV mass and volume varies with age, sex, 
race, body size, levels of physical activity and 
obesity. Interpretation of CMR RV variables 
should be considered in the context of patient 
demographics.

Pre RX Post 6 months Bosentan

Fig. 5.8 MR as an end point showing the benefits of 
treatment in a patient with a PAH measured by cross- 
sectional MR.  The patient was a 16-year-old boy with 
PAH. Images are at baseline and after 6-month treatment 

with bosentan. Post-treatment the RV looks similar but 
there is a marked improvement in the LV due to increase 
in filling pressures from the recovered RV function
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CMR is particularly suited for looking at right 
ventricular (and left ventricle) variables in the 
context of pulmonary hypertension. These vari-
ables can be used to distinguish types of pulmo-
nary hypertension, e.g. LV-PH versus pulmonary 
arterial hypertension, and also to determine the 
effects of pulmonary hypertension on RV (and 
LV function) in terms of cardiac structure and 
function both global and regional, and damage to 
the myocardium by the increased pressures and 
deformation. Lastly CMR is likely to prove use-
ful in the evaluation of right-heart function in 
response to the treatment for pulmonary hyper-
tension. We hope that this image modality will be 
used increasingly in clinical trials of new thera-
pies for this devastating disease.
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Right Ventricular Structure 
and Function During Exercise

André La Gerche

 Introduction: Why Is Right 
Ventricular Function Important 
During Exercise?

In health and disease, exercise capacity is limited 
by the extent to which the working muscles 
receive and utilise oxygen. With the exception of 
patients with severe pulmonary disease, the most 
important factor in the supply of oxygen to the 
muscles is cardiac output (CO). Traditionally, 
investigators have sought to explain exercise- 
induced increases in CO (often termed “cardiac 
reserve”) by means of increases in heart rate, 
augmentation in the left ventricular (LV) function 
and vasodilation of the systemic circulation [1, 
2]. Often overlooked is the fact that cardiac out-
put is only as good as your worst ventricle. This 
statement grossly simplifies important 
ventricular- arterial and ventricular-ventricular 
interactions but nonetheless it is important to 
realise that overall cardiac performance is deter-
mined by two circulations in series. If, for exam-
ple, the systemic ventricle only receives 3 L/min 
of input due to limitations in the pre-systemic 

circulation then, at best, it can only deliver 3 L/
min. This highlights the fact that dysfunction of 
the pre-systemic circulation can impair overall 
CO and that a more holistic approach to cardiac 
function needs to consider the entire circulation. 
This chapter highlights the complex interaction 
between the RV and its vascular load and how 
their interdependence means that any increase in 
pulmonary vascular pressures results in increased 
work for the RV.  Moreover, we discuss how in 
most situations the work of the RV increases dis-
proportionately during exercise such that the RV 
contributes little to the maintenance of CO at rest 
but is critical to cardiac reserve during exercise.

The consideration of RV function during exer-
cise is of prime clinical relevance. The majority 
of our patients experience breathlessness with 
exertion rather than at rest, and yet the majority 
of assessments are made in the resting state. 
Thus, resting measures may be a poor surrogate 
measure of cardiac dysfunction. The slogan “to 
assess exertional breathlessness, you must exert 
the breathless” serves to remind us that the func-
tional characteristics of the resting heart and cir-
culation may change dramatically during 
exercise. In Fig. 6.1, the importance of exercise 
testing is illustrated in two patients who had no 
symptoms at rest but developed severe breath-
lessness and pre-syncope with exercise. Only 
mild changes were evident at rest but marked RV 
dysfunction and resulting impairment in LV fill-
ing occurred with exercise—correlating with the 
onset of symptoms.
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In addition to diagnostic insights, the study of 
RV function has important implications for prog-
nosis. It has been repeatedly demonstrated that 
RV functional measures are independent predic-
tors of outcome in various cardiac pathologies 
such as valvular heart disease, myocardial infarc-
tion and congestive heart failure [3–7]. However, 

of even greater intrigue is the finding that RV 
reserve is perhaps an even more important deter-
minant of clinical outcomes [8–15] and exercise 
capacity [16–18], even amongst the very fittest of 
athletes [19–21].

This chapter reviews the physiological 
rationale underpinning the assertion that the 

Echo CMR

Rest

Exercise

Fig. 6.1 Two patients with exertional symptoms correlat-
ing with exercise-induced right ventricular dysfunction. 
Patient 1 underwent exercise echocardiography to investi-
gate severe exertional breathlessness. Resting examina-
tion suggested mild pulmonary hypertension. Exercise 
CMR was performed in patient 2 who had mild chronic 
thromboembolic pulmonary hypertension and was limited 
by pre-syncope on relatively mild exercise. In a similar 
manner, short-axis images acquired at a mid-ventricular 

level during early diastole demonstrate only mild RV dila-
tion and septal flattening at rest. However, during exercise 
the RV becomes more dilated and there is prominent sep-
tal shift which greatly impairs LV filling during early dias-
tole. As a result of the reduced RV ejection and reduced 
LV filling, cardiac output is markedly impaired. Thus, as 
compared with rest, the exercise pathophysiology better 
explains the severity of the symptoms
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RV and pulmonary circulation are critical 
determinants of exercise performance in health 
and disease. We will discuss established and 
evolving techniques for the assessment of RV 
function during exercise and clinical situations 
in which RV functional capacity may be insuf-
ficient to meet the metabolic demands of exer-
cise. Finally, the promise and limitations of 
maximising exercise capacity via therapies tar-
geting the RV and pulmonary circulation are 
discussed.

 Physiology of the RV 
and Pulmonary Circulation and Its 
Relevance to Exercise

In order to understand ventricular function, one 
must consider the venous preload which facili-
tates output by means of elastic recoil (Starling 
effect) and the arterial load against which it must 
pump. In the resting circulation the healthy RV 
has slightly lower preload [22] and substantially 
lower afterload [23] than the LV.  In fact, in the 
resting state, the afterload against which the RV 
must work is so slight that a near-normal CO can 
be maintained by means of venous preload and 
increase in RV pressure resulting from ventricu-
lar interdependence. This has been demonstrated 
by animal studies in which the RV has been elec-
trically isolated [24], replaced by a non- 
contractile patch [25], or by the Fontan palliation 
in which surgical “bypass” directly connecting 
the venous circulation to the pulmonary arteries 
is compatible with near-normal resting haemody-
namics [26]. Although the ventricular work 
required may be sufficient to maintain trans- 
pulmonary blood flow in the healthy resting cir-
culation, this does not apply when there is an 
increase in afterload [4] or during exercise when 
an increase in pulmonary artery pressures man-
dates an increase in cardiac work [27]. Whilst the 
Fontan circulation is often cited as evidence of 
the RV’s limited role in generating cardiac out-
put, it must be remembered that a circulation 
without a sub-pulmonary pump has grossly inad-
equate reserve during exercise.

Although the pulmonary circulation shares 
much in common with the systemic circulation 
there are also some important differences. The 
pulmonary circulation receives the entire cardiac 
output but has a pressure of approximately one- 
fifth that of the systemic circulation, a figure 
which is remarkably consistent across mamma-
lian species [28]. The relationship between pres-
sure (P), flow (F) and resistance (R) can be 
simplified as F ∝ P/R which is a simile of Ohm’s 
law for electric circuits and is often referred to as 
the simplified Poiseuille’s law in vascular cir-
cuits. Thus, the lower pressure pulmonary system 
equates to a lower resistance system. This lower 
resistance is a product of a number of unique fea-
tures: firstly, there is rapid and prolific branching 
of vessels in the pulmonary circulation. Total 
vascular resistance may be quantified as the sum 
of the reciprocal of the resistance of each branch 
(i.e. 1/Rtotal = 1/R1 + 1/R2 + 1/R3 …) such that the 
greater the number of parallel branches the lower 
the total resistance. Also, the pulmonary arteries 
and arterioles are thinner walled than their sys-
temic counterparts. This has a very important 
implication in that the thinner walled vessels are 
more compliant and this results in further reduc-
tions in resistance and pressure. This concept is 
summarised in the Windkessel model of vascular 
flow [29, 30]. This model predicts that compli-
ance is inversely proportional to resistance and 
thus the “stretching” of compliant vessels with 
pulsatile flow serves to decrease the resistance 
and blunt pressure rises. Therefore, the differ-
ences between the pulmonary and systemic cir-
culations are that the former forms a more 
extensive and earlier parallel circuit and is more 
compliant, both serving to make RV afterload 
low.

Another difference between the pulmonary 
and systemic circulations is the effect of venous 
pressure on ventricular afterload. The high arte-
riolar pressures in the systemic circulation mean 
that systemic venous pressures would need to be 
very high before exerting a significant “back- 
pressure effect”. In the pulmonary vasculature, 
however, there is much greater back-pressure 
effect such that increases in left atrial pressure 
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have a strong bearing on pulmonary artery pres-
sures. It has been suggested that left atrial pres-
sures explain approximately 80% of the variance 
in pulmonary artery pressures in the absence of 
pulmonary vascular disease [22, 31]. This may be 
of particular importance during exercise. 
Descriptions of heart failure are often dichot-
omised into those with abnormalities in lusitropic 
and contractile dysfunction in whom left atrial 
pressures increase during exercise and those with 
healthy heart function in whom filling pressures 
do not increase [32]. Augmentation in CO during 
exercise requires increasing filling volumes 
within shorter diastolic filling times. This can be 
achieved by means of greater ventricular suction, 
greater atrial pressures or both. Nonogi et  al. 
demonstrated that early diastolic ventricular suc-
tion increases during exercise [33]. They demon-
strated that active ventricular relaxation (time 
constant of relaxation—tau) improved and that 
early-diastolic and mid-diastolic ventricular pres-
sures were lower during exercise as compared 
with rest. However, these differences were rela-
tively modest and it would seem unlikely that this 
degree of “suck” could generate the massive out-
puts (in excess of 40 L/min [34, 35]) generated 
by well-trained athletes during exercise. Rather, 
it is most likely that an increase in atrial pressure 
is also required to “push” blood across the atrio-
ventricular valve during exercise. Relatively few 
studies have assessed left atrial pressures during 
exercise in healthy subjects and those studies that 
exist have used pulmonary artery balloon occlu-
sion (“wedge”) catheters as a surrogate of left 
atrial pressure, a method that has potential limita-
tions during vigorous exercise. Nonetheless, 
existing data supports the premise that exercise- 
induced increases in cardiac output require an 
increase in left atrial pressure [36]. Reeves et al. 
measured right atrial and pulmonary artery occlu-
sion pressures (PAOP) in eight healthy volunteers 
during intense exercise and found a fairly strong 
correlation between these measures and CO [22]. 
Interestingly, the four subjects with the highest 
oxygen consumption (VO2max) had PAOPs 
between 19 and 35 mmHg. More recently, Lewis 
et al. also observed a strong correlation between 
PAOP and CO in control subjects and determined 

the relationship PAOP (mmHg) = 1.1 × CO (L/
min), albeit within a group with substantially 
more modest exercise capacity [14]. However, if 
one were to extrapolate the relationship derived 
by Lewis et al. to the athletes studied by Reeves, 
there is considerable agreement in the range of 
values. Stickland et al. compared young healthy 
subjects of low fitness to highly trained athletes 
and observed increases in PAOP in both cohorts 
to similar values but at a much higher cardiac 
output in the athletes. Similar observations were 
made by Pandey et al. in a large cohort of healthy 
subjects across a wide age range [37]. They 
observed an increase in PAOP with exercise with 
a peak pressure that was relatively stable across 
all ages. In contrast, peak exercise cardiac output 
reduced with age. Thus, the following consistent 
findings can be gleaned: (1) left atrial pressures 
increase with exercise in proportion to increases 
in cardiac output and (2) steepness of this rela-
tionship increases with reduced fitness, heart fail-
ure and age.

Thus, one cannot focus on ventricular filling 
pressures without context. The heart failure 
patient may have elevated left atrial pressures 
whilst walking up a flight of stairs whilst an ath-
lete may have similar left atrial pressures whilst 
running at a record pace. In both cases, the sub-
jects are breathless, ventricular filling pressures 
increase, and CO is close to maximal and is 
insufficient for the metabolic demands of the 
working muscles. The difference is the work 
level and cardiac output at which cardiac func-
tion is maximised. “Heart failure” represents a 
continuum in which relatively arbitrary clinical 
cut-offs are set to distinguish normal cardiac per-
formance from failure.

The concept of exercise-induced LV filling 
pressures is extremely relevant to the further dis-
cussion regarding the performance of the pulmo-
nary circulation and RV during exercise. The 
increased LV filling pressures are relayed 
“upstream” and contribute to the afterload against 
which the RV must pump. Thus, during exercise 
the RV is faced with the increased afterload of the 
sum of LV filling pressures and any additional 
flow-induced increase in pulmonary artery pres-
sures (Fig. 6.2).
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 Exercise Causes a Disproportionate 
Increase in RV Pressures, Wall Stress 
and Work

There are differences between the RV and LV in 
the arterial load imposed by exercise and in the 
ventricular capacity to counter that load (i.e. 
maintain ventricular arterial coupling). As illus-
trated in Fig. 6.3, at rest the LV contracts against 
a systemic circulation with moderate resistance 
and compliance as compared with the low resis-
tance and high compliance of the pulmonary cir-
culation. During exercise, CO increases manyfold 
(as much as eightfold in well-trained athletes [34, 
35]) and therefore vascular pressures would be 
expected to increase unless sufficiently counter-
balanced by decreases in resistance and increases 
in compliance. However, the pulmonary vascula-
ture has very low resistance at rest and it has 
somewhat limited capacity for further decreases 
[38, 39]. Recruitment of upper lobe vessels in 
combination with flow-mediated and neurohor-
monal vasodilation affects a reduction in PVR of 
approximately 20–50% [38]. Such changes are 
limited compared with the profound reductions 
in systemic vascular resistance which is enabled 
by the greater capacity for redistribution to vas-

cular territories of low resistance. The moderat-
ing effect of vascular compliance may also be 
less than anticipated. During exercise, the vascu-
lature is distended by the high flow rates meaning 
that compliance (the ability to further distend the 
vessels with any given change in pressure) is 
reduced [7, 40, 41]. Therefore, vascular pressures 
increase and, these increases are greater for the 
pulmonary circulation than for the systemic cir-
culation [42, 43].

Several studies have reported substantial 
increases in pulmonary artery pressures during 
exercise using echocardiographic estimates [42–
46] and direct invasive measures [14, 39, 47]. 
Figure 6.4a summarises data from these studies 
that demonstrate remarkable consistency in the 
linear regression derived for the relationship 
between mean pulmonary artery pressure (mPAP) 
and CO with normal values approximating 
1 mmHg of increase in mean pulmonary artery 
pressure for every litre increase in cardiac output 
and any relationship >3 mmHg/L being consid-
ered abnormal. Using direct catheter measures, 
Lewis et  al. [14] observed an increase of 
1.5 mmHg in mean pulmonary artery pressure for 
each litre increase in CO. Less steep mPAP/CO 
relationship has been observed in the younger 
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Fig. 6.2 The relationship between pulmonary artery 
pressures, right ventricular function and vascular load. 
Pulmonary artery pressures are determined by both the 
ability of the RV pump to generate pressure and the load 

against which this pump must push. The RV afterload is 
determined by pulmonary vascular factors (resistance, 
compliance and impedance) and by left atrial pressures
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and fitter cohorts of Argiento et al. [45] and La 
Gerche et  al. [43] Other potential confounders 
such as the postural effects on pulmonary vascu-
lar recruitment [38] and differences in both pul-

monary artery estimates (echocardiographic vs. 
catheter) and CO estimates (thermodilution vs. 
echo Doppler vs. exercise MRI) may explain the 
variance in the mPAP/CO relationships observed. 
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rest and during exercise. 
Relative to the LV, the 
RV is a low-pressure 
chamber subject to low 
afterload at rest. 
However, during 
exercise, pressures  
in the RV increase 
disproportionately due 
to relatively less 
capacity for the 
pulmonary circulation  
to dilate, distend and 
recruit new vascular 
territories
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Fig. 6.4 A consistent near-linear relationship between 
increases in pulmonary artery pressures and cardiac out-
put during exercise. Data from several studies have 
enabled us to define a healthy relationship between mean 
pulmonary artery pressures and cardiac output with 
>3 mmHg/L signifying an abnormal increase in pulmo-
nary artery pressures during exercise (panel a). Steady- 

state exercise results in an initial increase in pulmonary 
artery pressures that then attenuate somewhat if exercise 
is maintained (here exemplified by two steady-state bouts 
of exercise). Also notable is the increasing gap between 
RV and pulmonary artery systolic pressures due to an 
increasing exercise gradient across the RV outflow tract 
and pulmonary valve (panel b)
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Despite this, there is considerable consistency in 
these results which predict significant increases 
in pulmonary artery pressures during intense 
exercise. For example, an increase in CO of 30 L/
min would equate to a mean pulmonary artery 
pressure exceeding 50  mmHg—representing an 
increase of threefold or more from rest. 
Furthermore, the relationship between pulmo-
nary artery pressures and CO appears similar 
regardless of athletic conditioning. However, 
because athletes have greater exercise capacity 
they are able to generate higher outputs and 
higher pulmonary artery pressures [43]. This rep-
resents a disproportionately large increase in RV 
afterload compared with mean arterial pressure 
increases which rarely exceed 50% in the LV. It is 
also important to note that there is a rapid recov-
ery of pulmonary artery pressures after the com-
pletion of exercise [48]. This is of critical 
importance in clinical assessments where there is 
a tendency to resort to post-exercise measures. 
The considerable variance in the rate of recovery 
is an important confounder in this setting.

Two potentially important observations have 
advanced our understanding of the behaviour of 
right-heart pressures during exercise. Firstly, 
researchers from Toronto, Canada, challenged 
the view that there is a linear increase in pulmo-
nary artery pressures relative to cardiac output by 
demonstrating that there is a degree of accommo-
dation that results in a reduction in pulmonary 
artery pressures when a steady state in exercise 
intensity and cardiac output is achieved. In other 
words, pulmonary artery pressures increase with 
exercise intensity initially but then moderate 
when workload is kept constant [49, 50]. This is 
of considerable importance when one contrasts 
the ramp design of many experimental exercise 
protocols to the “real world” in which people 
rarely undertake exercise with a continuously 
increasing exercise intensity. In short, pulmonary 
artery pressures may not be quite as high during 
normal exercise activities as those that we mea-
sure in the lab. Secondly, with simultaneous right 
ventricular and pulmonary artery catheter mea-
sures during exercise, two independent research 
groups have identified an increasing ventricular- 
arterial gradient in the right heart [51, 52]. At 

rest, RV and pulmonary artery peak systolic pres-
sures were the same but during exercise the RV 
pressure increased more than the pulmonary 
artery systolic pressure (54 ± 10 vs. 37 ± 9 mmHg 
at moderate exercise intensity) suggesting the 
emergence of a pressure gradient during exercise 
across the RV outflow tract or pulmonary valve. 
This might explain why echocardiographic mea-
sures, that use the tricuspid regurgitant signal to 
estimate RV systolic pressure, tend to slightly 
overestimate pulmonary artery systolic pressures 
when measured invasively during exercise [53]. 
These two concepts are illustrated in Fig. 6.4b.

Therefore, it is evident that during exercise 
there is an increase in left atrial pressures leading 
to an increase in pulmonary artery pressures and 
an increase in RV pressures. This “backing up of 
pressure” imposes a relatively greater load on the 
RV during exercise.

We sought to assess this seemingly dispropor-
tionate ventricular load using a combination of 
magnetic resonance and echocardiographic 
imaging at rest and during exercise to quantify 
RV systolic wall stress, as compared with that of 
the LV [42]. Using the simple construct of the 
LaPlace relationship, we found that during exer-
cise, increases in both pressures and volumes 
were greater for the RV, whilst increases in wall 
thickness were relatively less than those for the 
LV. As a result, RV wall stress estimates increased 
125% during exercise as compared with a modest 
14% increase in LV wall stress [42]. Thus, it may 
be contended that the stress, work and metabolic 
demands placed on the RV during exercise are 
relatively greater than those of the LV (Fig. 6.5).

Such substantive afterload would seem a sig-
nificant burden for the contractile reserve of the 
RV and raises the possibility that in the extremes 
of exercise the RV/pulmonary vascular unit may 
limit the output just as it does in some disease 
states [16, 17]. At rest, RV measures of mass and 
contractility are one-third to one-fifth those of the 
LV and this appropriately matches the pressure 
requirements of each [54, 55]. This lesser myo-
cardial mass of the RV suggests that it may have 
a diminished contractile reserve and may be less 
able to accommodate marked changes in loading. 
This is supported by studies which demonstrate 
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that afterload increases result in a marked reduc-
tion in RV stroke volume but only a slight 
decrease in LV stroke volume [56, 57]. MacNee 
et al. quantified the relative reductions in stroke 
volume in either ventricle at rest with increasing 
afterload. The ~30% reduction in RV stroke vol-
ume compared with ~10% fall in LV stroke vol-
ume suggests that the RV has less contractile 
reserve to accommodate afterload increases. 
Given the potential limitations in RV reserve and 
the far greater increases in RV afterload relative 
to the LV, one might hypothesise that the RV 
could limit CO during intense exercise. This 
hypothesis has been raised previously [58–60], 
but has not been actively pursued over the last 
three decades, perhaps due to limitations in imag-
ing the RV during exercise.

 How Can RV Function Be Assessed 
During Exercise?

One of the major issues in attempting to appraise 
the hypothesis that the RV may serve as an impor-
tant limitation to CO during exercise is the diffi-
culty in assessing the RV during exercise. The 
RV has complex geometry and relatively hetero-
geneous regional function and is situated behind 
the sternum, thereby limiting echocardiographic 
windows. Of perhaps greatest importance, par-
ticularly during exercise, is the profound influ-

ence of loading conditions on the RV and thus it 
is important for functional measures to either be 
load independent or incorporate an assessment of 
load.

The earliest attempts to define the RV response 
to exercise utilised radionuclide ventriculogra-
phy. Morrison et al. used radiolabelled red cells 
and acquired steady-state data over 2 min during 
four stages of exercise of increasing intensity 
[61]. In nine healthy volunteers, they observed a 
progressive increase in RV ejection fraction 
(EF%) and an inverse relationship between 
RVEF% and pulmonary vascular resistance 
(PVR), thereby concluding that RVEF is strongly 
influenced by afterload. Hirata et  al. advanced 
this hypothesis further by examining radionu-
clide RVEF in subjects with variable pulmonary 
vascular resistance as a result of atrial septal 
defects or rheumatic mitral stenosis. They also 
reported a strong inverse relationship between 
the change in RVEF% during exercise and PVR 
[62]. Radionuclide ventriculography was well 
suited to the investigation of RV function given 
that the technique relies on geometry- independent 
count-based techniques. However, limitations 
include overlap of counts from the atria and LV, 
lack of detail in regard to RV morphology and 
need for a prolonged steady state for gated acqui-
sitions. Moreover, there is substantial radiation 
exposure involved, particularly when repeated 
measures are acquired.
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Fig. 6.5 Disproportionate right-heart pressure and work-
load with exercise. There is an increase in left ventricular 
(LV) pressure and work during exercise relative to rest. 
The relative increase in left atrial (LA) pressure is more 
significant due to the flow-related build-up of pressure 
whilst the mitral valve is closed (representing an increas-

ingly large proportion of the cardiac cycle during exer-
cise). This increase in LA pressure translates to an 
increase in pulmonary artery pressures and a large 
increase in right ventricular (RV) pressure and work. The 
increase in RV work during exercise exceeds that of the 
LV
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Echocardiography is a readily accessible, safe 
and adaptable imaging technique but RV imaging 
presents some unique challenges given the irreg-
ular geometry and retrosternal positioning of the 
RV. Nonetheless, a number of investigators have 
sought to assess RV function during exercise. 
Given the considerable load dependency of the 
RV, investigators have sought to evaluate RV con-
tractility using relatively load-independent mea-
sures. RV strain rate measures the speed of 
myocardial deformation and has been quantified 
during intense exercise using vector imaging, 2D 
tracking and tissue Doppler techniques [20, 21, 
63]. However, these remain specialised measures 
with high variability and are exquisitely depen-
dent upon the quality and temporal resolution of 
the data set. Perhaps of greater appeal is the con-
cept of combining functional and load measures 
in a manner akin to pressure-volume analyses. 
This can be achieved with 2D echocardiographic 
measures with the assumption that an area/vol-
ume relationship approximates the gold standard 
pressure-volume measures. Indeed, this seems to 
be a reasonable assumption with Claessen et al. 
demonstrating that a totally non-invasive approx-
imation using RV areas and approximates of pul-
monary artery pressures using tricuspid 
regurgitant velocity is robust and quite an accu-
rate estimate of gold standard measures using 
invasive catheter measures of pressure and real- 
time exercise RV volumes using exercise- 
magnetic resonance imaging (ex-CMR) [53]. 
These hybrid pressure-volume techniques have 
been used for varied important clinical questions 
(see below).

Cardiac magnetic resonance Imaging (CMR) 
is ideally suited to the assessment of the RV dur-
ing exercise. Unlike with echocardiography, RV 
volumes can be accurately quantified during 
intense exercise in all subjects regardless of body 
habitus [34, 64]. Technical advances have enabled 
real-time CMR acquisitions in which ECG gating 
is not required and respiratory translation can be 
accounted for post hoc such that biventricular 
volume quantification compares favourably with 
invasive standards [34]. Temporal resolution 
remains a constraint (approximately 7–8 frames/
cardiac cycle during maximal exercise tachycar-

dia) although the use of parallel processing and 
improved retrospective gating of respiratory 
motion may facilitate improved image quality, 
automated quantification of volumes and shorter 
processing times [65].

Even with technical advances to enable wider 
use of exercise CMR, its use is currently largely 
limited to research settings. Whilst offering 
superb insights into the mechanics and quantifi-
cation of impaired cardiac reserve, simpler tests 
are necessary to identify those patients in whom 
RV functional reserve is reduced due to either RV 
dysfunction or pathological increases in pulmo-
nary vascular load. To this end, indirect measures 
show promise. Lewis et  al. elegantly demon-
strated that ventilator efficiency (VE/VCO2) on 
cardiopulmonary testing correlated well with 
pulmonary vascular resistance, determined by a 
combination of invasive pressure estimates and 
nuclear ventriculography [66]. Furthermore, they 
demonstrated a reduction in VE/VCO2 following 
treatment with a pulmonary vasodilator but not in 
those receiving placebo suggesting that this non- 
invasive measure may reflect RV/pulmonary vas-
cular coupling during exercise.

 Can the Healthy RV Cope 
with the Increased Pulmonary 
Vascular Load of Exercise?

As discussed in the section “Exercise Causes a 
Disproportionate Increase in RV Pressures, Wall 
Stress and Work”, there is a significant increase 
in RV afterload during exercise which increases 
RV wall stress and work. The question that arises, 
therefore, is whether the RV can generate the 
increased work that is required against the accu-
mulating load of intense exercise. In healthy sub-
jects during exercise of short duration, it would 
seem that the answer is yes. Using echocardiog-
raphy and CMR during exercise, several studies 
have demonstrated that RV area progressively 
decreases as pulmonary artery pressures increase 
(using echocardiography) and that RV end- 
systolic volume decreases with exercise intensity 
(CMR) [20, 21, 34, 67, 68]—see Fig. 6.6. This is 
perhaps not surprising given the near-linear 
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relationship that exists between cardiac output 
and exercise intensity suggesting that ventricular 
ejection augments despite increases in vascular 
load. The athlete’s heart represents the extremes 
of physiology with marked changes in right ven-
tricular volumes during exercise that also change 
according to respiration such that the respiratory 
pump of exercise causes an increase in RV vol-
umes that combines with the increases in RV 
pressure to affect a flattening of the interventricu-
lar septum [69]. Figure 6.7 illustrates some simi-
larities between an athlete’s heart and that of a 

patient with pulmonary hypertension during 
exercise.

However, multiple recent studies have 
observed a decrement in RV function after more 
prolonged intense exercise suggesting that 
whilst the RV can maintain function against the 
disproportionate increase in vascular load dur-
ing exercise of short duration, there is a point at 
which the RV fatigues. Given the observation 
that RV load, wall stress and work increase to a 
relatively greater extent than in the LV, it is per-
haps not surprising that the RV fatigue precedes 

Fig. 6.6 Summary of right ventricular structural and 
functional changes during exercise of different durations. 
Typical changes in RV function at rest (left), during short- 
duration intense exercise (middle) and immediately fol-
lowing an ultra-endurance triathlon (right) are 
demonstrated using the example of a professional triath-
lete. At rest, the RV is moderately enlarged with normal 
pulmonary artery pressures and deformation. During 
exercise, large increases in cardiac output result in propor-

tional increases in pulmonary artery pressures. RV func-
tion is able to match demand with systolic augmentation 
evidenced by a reduction in systolic area and a small 
increase in strain (larger increases in strain rate not shown 
here). After prolonged exercise it seems that these sub-
stantial RV work demands result in RV fatigue/injury 
reflected by RV dilation and systolic dysfunction as evi-
denced by an increase in systolic area and a reduction in 
strain
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that of the LV.  Studies in relatively amateur 
marathon runners [70–72] as well as well-
trained ultra- endurance runners [73] and triath-
letes [74, 75] have consistently demonstrated 
significant decrements in RV function immedi-
ately following exercise, whereas LV function is 
preserved.

Figure 6.6 summarises the changes in RV 
function during exercise in the healthy person or 
healthy athlete. During short intense exercise 
there is an increase in RV pressures and systolic 
function but when this exercise becomes pro-
tracted the RV can fatigue in response to working 
against a sustained increase in load. The exact 
mechanism of this fatigue is not known—sub-
strate deficiency, beta-receptor desensitisation, 
inflammation or neurohormonal dysregulation 
are all potential candidates [76].

 Clinical Settings in Which 
the Assessment of RV Function 
During Exercise May Be Important

 Athletes

Assessment of the RV during exercise is impor-
tant in athletes for two reasons: (1) resting mea-
sures can be difficult to interpret and (2) athletes 
regularly place significant stress on the RV and 
appear to be at risk of adverse remodelling and 
arrhythmias. It has been well demonstrated that 
resting measures of RV function are frequently 
reduced in athletes [77, 78] and that resting 
 measures of RV function do not adequately dis-
criminate between disease and pathology [21, 
68]. Echocardiographic assessment of the RV 
area/pressure relationship was used to 

Fig. 6.7 Exercise cardiac magnetic resonance imaging 
providing an improved insight into pathophysiological 
changes in right ventricular function during exercise. 
Early diastolic mid-ventricular short-axis CMR images 
acquired at rest provide a comparison between a healthy 
non-athlete, an athlete and a patient with pulmonary 
hypertension. The RV:LV ratio increases and there is 

greater ventricular interaction (right-to-left septal shift) in 
the athlete, as compared with the non-athlete and even 
more so in the patient. However, these changes are far 
more obvious during exercise. In the athlete the RV is 
slightly more dilated and the septal shift becomes appre-
ciable. In the pulmonary hypertension patient, these 
changes become marked
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demonstrate an appropriate augmentation of 
contractility in athletes despite low resting func-
tional measures [20, 21] and this finding has 
been repeatedly validated using more intensive 
hybrid methods of invasive catheterisation and 
ex-CMR [68]. Of greater importance, RV con-
tractile reserve has been shown to be impaired in 
athletes with complex ventricular arrhythmias 
[21, 68]. This suggests that athletes presenting 
with ventricular arrhythmias may have evidence 
of subtle RV injury (either genetic or acquired) 
that may only be evident with novel imaging 
techniques and exercise [79].

 Chronic Pulmonary Disease

Exercise CMR has provided some important 
insights into RV limitations to cardiac perfor-
mance in patients with pulmonary vascular 
pathology. Holverda et  al. observed that whilst 
RV end-systolic volume decreased with exercise 
in healthy control subjects, it remained unchanged 
or even increased in patients with pulmonary 
hypertension and patients with chronic obstruc-
tive airway disease [16, 17]. Thus, a lack of aug-
mentation in RV stroke volume limits overall 
cardiac performance such that oxygen delivery to 
the working muscles is insufficient, resulting in 
premature anaerobic metabolism, breathlessness 
and fatigue. Rozenbaum et al. recently validated 
these findings using exercise echocardiography 
noting a reduction in RV contractile reserve 
resulting in flattening of the interventricular sep-
tum causing impairment in early filling of the LV 
[80]. Thus, a vicious circle develops in which 
diastolic filling impairment further increases RV 
load and dysfunction. Similar findings have also 
been observed in interstitial lung disease [81].

 Pulmonary Vascular Pathology

In the patient with a pathology of the RV and pul-
monary circulation, elegant studies of the Vonk 
Noordegraaf group were the first to illustrate how 
RV failure could be accentuated during exercise 
[16, 17]. Grunig et al. demonstrated that RV con-
tractile reserve (measured indirectly as augmen-

tation of pulmonary artery pressures) was a key 
determinant of outcomes in patients with pulmo-
nary arterial hypertension, suggesting that failure 
of the RV to meet the increased afterload during 
exercise was a key indicator of a failure of adap-
tation [10]. This concept has been developed with 
implications in milder forms of pulmonary vas-
cular disease. Claeys et al. compared RV contrac-
tile reserve in healthy subjects, patients with 
chronic thromboembolic disease (CTED—
defined by persistent perfusion defects in the 
absence of pulmonary hypertension at rest) and 
patients with chronic thromboembolic pulmo-
nary hypertension. Although RV function was 
similar between healthy subjects and those with 
CTED at rest, during exercise, RV contractile 
reserve was reduced in CTED patients with a 
phenotype in between health and pulmonary 
hypertension [67]. In perhaps the subtlest form of 
pulmonary vascular disease, Claessen et al. dem-
onstrated slight abnormalities in the relationship 
between pulmonary artery pressures and cardiac 
output during exercise in patients with a genetic 
predisposition to pulmonary hypertension 
(BMPR2 mutation) but preserved RV contractile 
reserve [82]. Finally, augmentation of RV con-
tractile reserve has been demonstrated following 
the administration of pulmonary vasodilator ther-
apy in patients with chronic thromboembolic pul-
monary hypertension before [83], and after [84], 
pulmonary endarterectomy. These measures not 
only serve to provide novel insights into the 
pathophysiology underpinning patients’ symp-
toms but also provide a potential measure of 
short-term efficacy for new therapies in these 
conditions.

 Heart Failure

There is intense interest in the need for better 
characterisation of heart failure patients in order 
to best individualise therapies and improve out-
comes. Plehn et  al. demonstrated that RV end- 
systolic volume reduced during exercise in 
healthy controls but not in patients with hypertro-
phic and dilated cardiomyopathies, and this 
attenuation in systolic performance did not seem 
to be accounted for by the slightly greater 
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increases in pulmonary artery pressures [85]. 
Guazzi et al. demonstrated a relationship between 
reduced RV contractile reserve and ventilatory 
inefficiency in patients with heart failure and 
reduced ejection fraction, thereby raising the pos-
sibility that some patients may benefit from spe-
cific pulmonary vasodilator therapy in addition to 
traditional heart failure treatment, although this 
hypothesis is yet to be validated in a clinical trial 
[86, 87]. Of greater potential importance are the 
patients with heart failure and preserved ejection 
fraction (HFPEF) in whom there are few proven 
efficacious therapies. In an elegant comparison of 
healthy subjects and two groups of HFPEF 
patients (those with and without evidence of pul-
monary vascular disease in addition to raised LV 
filling pressures during exercise), Gorter et  al. 
identified a failure in RV augmentation with exer-
cise as an important limitation in the overall car-
diovascular performance [88]. The concept that 
pulmonary vasodilator therapy may assist in 
attenuating RV afterload and enhancing RV per-
formance during exercise in HFPEF patients was 
interrogated by Huang et  al. who used inhaled 
prostacyclin therapy to improve RV and overall 
myocardial function during exercise [89]. Whilst 
these results are cause for some optimism, clini-
cal trials have largely failed to demonstrate a ben-
efit from pulmonary vasodilators [90, 91].

 Valvular Heart Disease

An increase in pulmonary artery pressures during 
exercise is a recognised adverse prognostic sign 
in valvular heart disease. However, the failure of 
RV function to augment during exercise to meet 
the demands of an increase in afterload has been 
demonstrated to be a particularly important prog-
nostic indictor for post-surgical outcomes [8, 92].

 Congenital Heart Disease

Intriguing insights into RV function can be 
extrapolated from the unique patient group with 
congenitally corrected transposition of the great 
arteries (TGA) in whom the RV is subjected to 
systemic afterload and has a tendency to decom-

pensate with time. Van der Bom et  al. demon-
strated that a combination of RV end-diastolic 
volume and peak exercise blood pressure was the 
strongest determinant of clinical events such as 
worsening heart failure [11]. Helsen et  al. dis-
sected this physiology further with the demon-
stration that contractile reserve (RV end-systolic 
pressure/volume relationship) was impaired in 
both congenitally corrected and surgically cor-
rected TGA patients and that this, combined with 
a reduction in chronotropic reserve, limited car-
diac output and exercise capacity [93].

 Can Pulmonary Vasodilators 
Improve Exercise Tolerance?

The preceding sections detail a disproportionate 
increase in RV load during exercise and a predis-
position for RV failure during exercise, either 
early in those with a pathology of the pulmonary 
circulation or only after very prolonged exercise 
in those with a normal RV and pulmonary circu-
lation. This assertion that the pre-systemic circu-
lation may limit cardiac performance during 
exercise would imply that pulmonary vasodila-
tors may improve exercise performance by means 
of attenuating the disproportionate increase in 
RV load. Pulmonary vasodilators have proven 
efficacy in improving exercise tolerance in those 
patients with pulmonary arterial hypertension 
[40, 94] due to their ability to attenuate the patho-
logical increases in RV load, thereby improving 
RV function during exercise. However, taking 
this one step further, one may even anticipate that 
these agents could improve exercise capacity in 
those with a normal pulmonary circulation.

Ghofrani et  al. performed a randomised, 
double- blind placebo-controlled trial assessing 
the efficacy of sildenafil in improving exercise 
haemodynamics in 14 healthy subjects during 
normobaric hypoxia (10% O2) and at altitude 
(Mount Everest base camp, 5245  m above sea 
level). As compared with placebo, sildenafil 
resulted in a decrease in pulmonary artery pres-
sures and an increase in exercise workload and 
cardiac output in both the hypoxic and high- 
altitude settings [95]. Further studies using both 
PDE5 receptor and endothelin antagonists have 
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been consistent in demonstrating improvements 
in haemodynamics and exercise performance in 
hypoxic conditions but have failed to show any 
benefit in normoxia [96–98]. There are a number 
of reasons why pulmonary vasodilators may have 
limited efficacy in healthy subjects at sea level. 
One of the more likely hypotheses is that the pul-
monary circulation is maximally dilated during 
exercise and there is little capacity for further 
decreases in pulmonary vascular resistance. This 
would perhaps explain why pulmonary vasodila-
tors do not seem to improve exercise capacity at 
sea level whilst increases in basal pulmonary vas-
cular tone (with hypoxia and/or altitude) provide 
an opportunity for pulmonary vasodilators to 
reduce resistance, aid RV ejection and improve 
exercise parameters.

 Conclusions

The RV appears to be a potential “Achilles’ heel” 
for the exercising heart. The RV is subject to dis-
proportionate increases in load during exercise 
and, as compared with the LV, impairment in 
function develops earlier and more significantly 
when exercise is prolonged. Separating and 
comparing the function of various elements of 
the circulation ignore complex interactions and a 
comprehensive understanding of exercise physi-
ology needs a more holistic approach to cardiac 
function than has been previously considered. 
The importance of the RV and pulmonary circu-
lation should not be overlooked. It may be an 
important component of exercise limitation and 
may even be the “weak link” in some settings. 
Fortunately, we now have methodologies capa-
ble of quantifying RV function during exercise 
with utility demonstrated in multiple clinical 
settings.
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 Introduction

Echocardiography of the pulmonary circulation 
and the right heart is essential for the screening, 
differential diagnosis, and follow-up of pulmo-
nary hypertension [1–3]. However, the screen-
ing of pulmonary hypertension using 
transthoracic echocardiography (TTE) is not 
limited to the estimation of pulmonary vascular 
pressures or resistances only as it has been 
shown that echo Doppler technic may be insuf-
ficiently accurate [4–6]. Instead the addition of 
different parameters of RV structure and func-
tion increases the probability of PH diagnosis. 
This is now being improved with better Bayesian 
integration of measurements in a clinical prob-
ability context [7] and understanding that mea-
surements by adequately trained examiners and 

updated equipment may fail on precision rather 
than on accuracy [8]. Echocardiographic mea-
surements of the pulmonary circulation at rest 
and at exercise have recently contributed to a 
better functional understanding and definition 
of the limits of normal of the pulmonary circula-
tion [9]. Echocardiographic indices of right ven-
tricular (RV) systolic and diastolic function that 
are of diagnostic and prognostic relevance are 
being developed [10, 11]. The advent of porta-
ble devices is improving the bedside diagnosis 
and follow-up of pulmonary hypertension and 
RV failure.

This chapter focuses on the functional sig-
nificance of the current echocardiographic 
imaging of the right heart of patients with pul-
monary hypertension, which is by far the most 
common cause of RV failure. Technical issues 
have been extensively reviewed in recent guide-
lines [10, 12].

 Measurement of the Pulmonary 
Pressures and Cardiac Output

Pulmonary hypertension is the most common 
cause of RV failure. Therefore, in the presence of 
a patient with signs and symptoms of RV failure, 
it is essential to evaluate the pulmonary circula-
tion. The definition of pulmonary hypertension 
relies on the recording of a mean pulmonary 
artery pressure (PAP) higher than 20  mmHg 
[1–3].
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Mean PAP (PAMP) increases with any pulmo-
nary vascular disease causing an increased 
 resistance (PVR) to pulmonary blood flow (CO) 
but also with increased left atrial pressure (LAP):

 
PVR PAMP LAP CO= -( ) /  

 PAMP PVR CO LAP= ´ +  

Therefore, the diagnosis and estimation of the 
severity of pulmonary hypertension require three 
measurements: PAP, CO, and LAP.

Systolic PAP (PASP) can be estimated from 
the continuous Doppler maximum velocity of 
tricuspid regurgitation (TRV), in m/s, to calcu-
late a trans-tricuspid pressure gradient, in mmHg 
using the simplified form of the Bernoulli equa-
tion and an estimate of right atrial pressure 
(RAP) [13]:

 PASP TRV RAP mmHg= ´ +4 2 ,  
The assumptions of this measurement are that 

PASP and RV peak systolic pressures are equal, 
and that the Bernoulli equation is applicable [14]. 
RAP is estimated clinically, or preferably from 

the diameter of the inferior vena cava and its 
inspiratory collapsibility [15] (Fig. 7.1).

PAMP can be calculated from PASP [16]:

 PAMP PASP mmHg= ´ +0 6 2.  

A limitation to estimates of PAP from TRV is 
that a good-quality signal cannot always be recov-
ered, especially in the presence of hyperinflated 
chests and/or normal or only modestly elevated 
PAP [17]. However, the single use of TRV has dis-
closed a higher-than-normal frequency of increased 
pulmonary vaso-reactivity in family members of 
patients with pulmonary arterial hypertension 
(PAH), independently of identified mutations [18]. 
The single use of TRV to estimate exercise-induced 
pulmonary hypertension has been shown to be of 
prognostic relevance in patients with aortic or 
mitral valvulopathies [19, 20].

Since PAP is a flow-dependent variable, it is 
important to couple it with a measurement of car-
diac output (CO). This can be measured from the 
left ventricular outflow tract (LVOT) diameter 
and velocity time integral (VTI) multiplied by 
heart rate (HR) [21]:

Fig. 7.1 Apical four-chamber view and continuous Doppler analysis: measurement of the maximal velocity of TR, 
subcostal view, and M mode: measurement of IVC inspiratory and expiratory diameters
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CO LVOT diameter

LVOT VTI HR
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´ - ´
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It is also possible to record a pulmonary flow 
velocity sampled in the RV outflow tract 
(RVOT) [22]:

 PVR VTI TRVRVOT= ´ ´0 1618 10. /  

For the direct calculation of PVR, it is also 
necessary to know LAP. This can be calculated 
from the ratio of trans-mitral Doppler and mitral 
tissue Doppler E and e′ waves [23]:

 
LAP E e= ´( ) +¢1 24 1. /

 

The echocardiographic PVR calculated from 
measurements of PAMP, LAP, and CO has been 
recently shown to be more accurate than that 
based on the VTIRVOT/TRV ratio [24].

The simplified form of the Bernoulli equation 
has also been applied to pulmonary insufficiency 
jets to calculate mean and diastolic PAP [10].

Perhaps a more useful independent method to 
estimate mean PAP is based on the pulsed 
Doppler measurement of the acceleration time 
(AT) of pulmonary flow (sampled at the RVOT) 
[25]:

 
PAMP AT= - ´( )79 0 6.

 

There has been less validation of PAMP calcu-
lated from the AT against invasive measurements 
than reported on the basis of TRV. Accurate esti-
mates of PAMP are less reliable when AT exceeds 
100 ms, the lower limit of normal, and the mea-
surement may need a correction for ejection time 
at high heart rates [14]. However, there are data 
suggesting that AT may be more sensitive than 
TRV to early or latent pulmonary vasculopathy 
[26]. This may be due to its sensitivity to changes 
in pulmonary vascular impedance more than 
PVR [14, 17]. The advantage of the measurement 
of PAP on the basis of the shape of pulmonary 
flow is in a quasi-100% recovery of good-quality 
signals [17], independently on the level of PAP. In 
addition to AT, the shape of the flow wave is of 
interest, as pulmonary hypertension is associated 

with a deceleration of flow in late or in  mid- systole 
(notching) [17]. A decreased time to notching has 
been reported to identify proximal obstruction in 
patients with chronic thromboembolic pulmo-
nary hypertension (CTEPH) [27]. Notching is 
explained by wave reflection [28]. The impact of 
the first reflected wave on the forward wave may 
be caused either by a proximal reflection site, 
such as in CTEPH, or by increased wave velocity 
on severe pulmonary arterial stiffening caused by 
high PAP, such as in advanced PAH [28]. The 
presence of mid-systolic notching indicates a 
high likelihood of a PVR >5 Wood units and 
associated RV dysfunction [29]. An acceleration 
time <90 ms has been shown to be highly predic-
tive of a PVR ≥3 WU [30].

 Accuracy of Echocardiographic 
Measurements of the Pulmonary 
Circulation

Previous validation studies of Doppler echocar-
diographic measurements of pulmonary vascular 
pressures and flows have much relied on correla-
tion calculations [4–6, 13, 21–25]. This is mis-
leading, as correlation coefficients largely reflect 
the variability of the subjects being measured. If 
one measurement is always twice as big as the 
other, they are highly correlated but do not agree. 
Bland and Altman addressed this problem by 
designing difference versus average plots. This 
analysis has since become the gold standard to 
compare methods of measurements [31]. Two 
crucial information are provided: (1) the bias, or 
the difference between the means and whether it 
is constant over the range of measurements, and 
(2) the limits of agreement, or the range of 
 possible errors. Bias informs about accuracy, and 
agreement informs about precision.

Two previous studies which concluded that 
echocardiography was insufficiently accurate 
when compared to catheterization for the assess-
ment of pulmonary hypertension [4, 5] reported 
Bland and Altman plots showing almost no bias, 
and thus actually good accuracy, but large limits 
of agreement, rather indicating insufficient preci-
sion. More recently, D’Alto et al. compared PAP, 
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LAP, and CO measured by echocardiography and 
right-heart catheterization performed within an 
hour in 151 patients referred for a pulmonary 
hypertension [8]. The results showed nearly iden-
tical means and almost no bias, confirming the 
accuracy of echocardiographic measurements 
compared to invasive measurements. However, 
the limits of agreement appeared to be wide, indi-
cating potentially insufficient precision. This 
may be a problem for single-number-derived 
decision in relation to guidelines [1, 2].

Agreed statistics are straightforward when 
one of the two methods of measurement is a rec-
ognized reference, or “gold standard.” There is 
currently a consensus that right-heart catheteriza-
tion provides gold standard measurements of the 
pulmonary circulation [1, 2].

In summary, echocardiography at rest pro-
vides accurate measurements of the pulmonary 
circulation, and is therefore suitable for popula-
tion studies. Insufficient precision may be a prob-
lem for individual decision-making based on 
single numbers, such as a PAMP >20 mmHg to 
diagnose PH or a PAWP >15 mmHg to diagnose 
left-heart failure [1–3]. It may then be necessary 
to take the clinical context into account, and to 
use repetition of measurements and internal 
controls.

 RV Systolic Function and RV-Arterial 
Coupling

The gold standard measurement of contractility 
in an intact being is maximal elastance (Emax), 
or the maximum value of the ratio between ven-
tricular pressure and volume during the cardiac 
cycle [32–34]. Left ventricular (LV) Emax coin-
cides with end systole, and is thus equal to the 
ratio between end-systolic pressure (ESP) and 
end-systolic volume (ESV). End-systolic elas-
tance (Ees) of the LV is measured at the upper 
left corner of a square-shape pressure-volume 
loop [35]. Because of low pulmonary vascular 
impedance, the normal RV pressure-volume 

loop has a triangular shape and Emax occurs 
before the end of ejection, or end systole [36]. 
However, a satisfactory definition of RV Emax 
can be obtained by the generation of a family of 
pressure- volume loops at decreasing venous 
return [36]. Instantaneous measurements of RV 
volumes are difficult at the bedside, and so are 
manipulations of venous return. This is why 
single- beat methods have been developed, ini-
tially for the left ventricle [37] and then for the 
RV [38]. The single-beat method relies on a 
maximum pressure Pmax calculation from a 
nonlinear extrapolation of the early and late por-
tions of a RV pressure curve, an integration of 
pulmonary flow, and synchronization of the sig-
nals. Emax is estimated from the slope of a tan-
gent from Pmax to the pressure-volume curve 
(Fig. 7.2).

It is important to note that this graphic analy-
sis uses relative changes in volume without 
assumption on absolute volumes. This is accept-
able because Emax is essentially preload or end- 
diastolic volume (EDV) independent [34]. As 
contractility is homeometrically adjusted to after-
load [32–34], its adequacy is best evaluated as a 
ratio of Emax to Ea, which defines RV-arterial 
coupling. The optimal mechanical coupling of 
Emax to Ea is equal to 1. The optimal energy 
transfer from the RV to the pulmonary circulation 
is measured at Emax/Ea ratios of 1.5–2. Patients 
with PAH and no clinical symptomatology of 
heart failure may present with a severalfold 
increase in Emax matching increased Ea, so that 
RV-arterial coupling is relatively maintained or 
only slightly decreased [39, 40].

There is current interest in the ratio of TAPSE 
(Ees surrogate) to sPAP (Ea surrogate) for the 
assessment of RV-PA coupling. Both are easily 
measured during a standard 2D Doppler echocar-
diography. The TAPSE/sPAP ratio has been vali-
dated against invasive measurements of the Ees/
Ea ratio [41, 42] and shown to be of prognostic 
relevance in heart failure [41, 43], in PAH [44], in 
PH on chronic lung diseases [45], and even in 
COVID-19-induced ARDS [46].

B. Lamia and T. Lambert
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 Echocardiographic Indices of RV 
Systolic Function

Right ventricular systolic function is usually esti-
mated at echocardiography by the fractional area 
change (FAC) measured in the four-chamber 
view, tricuspid annual plane systolic excursion 
(TAPSE), tissue Doppler imaging (TDI) of the 
tricuspid annulus systolic velocity S wave and 
isovolumic contraction maximum velocity 
(IVV), right ventricular index of myocardial per-
formance (defined by the ratio: isovolumic con-
traction time  +  isovolume relaxation time/
ejection time) strain or strain rate measurements, 
and even SV calculated from aortic flow-derived 
cardiac output divided by heart rate [9].

RVFAC is determined from the planimetric 
areas of the RV end systole and end diastole from 

the apical four-chamber view. RVFAC does not 
require geometric assumptions and correlates 
with RVEF, but incomplete visualization of RV 
cavity and suboptimal endocardial definition are 
causes of high inter- and intra-observer variabil-
ity [9]. RVFAC was recently shown in one study 
to be of prognostic relevance in patients with 
idiopathic PAH [47].

Because of the predominantly longitudinal 
contraction pattern of the RV, a more suitable mea-
sure of systolic function is TAPSE, which can be 
derived from 2D and M-mode echocardiography, 
is easy to perform, and is highly reproducible. A 
decreased TAPSE has been shown to be associated 
with a decreased survival in patients with left-
heart failure [47, 48] and with PH [47, 49].

A TDI measurement of the longitudinal veloc-
ity of RV contraction measured at the tricuspid 

Fig. 7.2 Single-beat method applied to echocardio-
graphic measurements of pulmonary flow and tricuspid 
regurgitation (TR) for the calculation of right ventricular 
(RV) maximum elastance (Ees) and arterial elastance (Ea) 

in a patient with pulmonary hypertension. A RV pressure 
curve is synthetized from the envelope of the TR wave. A 
relative change in RV volume is derived from the integra-
tion of the pulmonary flow wave
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annulus, or S wave, correlates with TAPSE and 
RVFAC [50, 51] and offers an additional internal 
control measure of systolic function.

The problem of RVFAC, TAPSE, and S wave 
is preload dependency. This may be less of a 
problem for isovolumic phase indices such as 
IVV [52]. IVV was recently reported to be a good 
predictor of survival in a series of 142 patients 
with PAH or CTEPH [53]. This is illustrated 
below (Fig. 7.3).

Strain and strain rate are also parameters of 
contractility. Their measurements have been 
shown to be closely correlated with myocardial 
contractility in in vitro and in vivo experimental 
settings, with minimal preload dependency [54]. 
Strain is defined as percentage change in myocar-
dial deformation, while its derivative, strain rate, 
represents the rate of deformation of myocar-
dium over time [10]. Strain and strain rate are 
decreased in patients with severe pulmonary 
hypertension [55, 56] and rapidly improve with 
only partial reversibility during testing with 
inhaled pulmonary vasodilators [57]. The addi-
tion of speckle tracking has made strain measure-
ments less angle and operator dependent, and as 
such emerge as potent predictors of functional 
state and outcome in patients with severe pulmo-
nary hypertension [58, 59].

 RV Systolic Function Assessed by 
3D Echo and 3D Right Ventricular 
Ejection Fraction

Because of the complexity of the RV shape and 
anatomy, assessment of RV volumes and thus RV 
ejection fraction is not possible using 2D 
echocardiography.

With the availability of 3D echocardiography, 
assessment of shape and functional changes in 
the right ventricle is feasible. Three-dimensional 
modalities allow accuracy and reproducibility in 
the assessment of RV shape and function. Three- 
dimensional echocardiography is more and more 
available and well validated against the gold stan-
dard MR. The most recent guideline recommends 
3D echocardiography measurements of RV vol-
umes. New generations of 3D software allow 
auto-segmentation and provide contour position-
ing and the user may still adjust images. 3D vol-
umes are computed numerically from the 
dynamic surface model and used to calculate 
end-diastolic volume (EDV), end-systolic vol-
ume (ESV), ejection fraction (EF), and systolic 
volume (SV) [60–64]. As we previously dis-
cussed, RV function including RV remodeling 
and RV contractility plays a key role in the prog-
nosis of pulmonary hypertension (PH) patients. 

Tricuspid Annular Plane Systolic Excursion (TAPSE)
In this example TAPSE is 24.3 mm

Tissue Dopple Tricuspid Velocity, S Wave
In this example S Wave is 11 cm/sec.

Fig. 7.3 Parameters of RV systolic function: TAPSE, TDI S wave
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Right-heart analysis using 2D echocardiography 
is useful to assess RV size and surrogate of RV 
contractility as TAPSE.  However RV ejection 
fraction, gold standard of systolic RV function, is 
missing because of RV morphology and physiol-
ogy. Three-dimensional (3D) echocardiography 
has been recently improved to assess RV ejection 
fraction and volumes.

In a prospective study in our center [65], we 
analyzed right-heart (RH) function in PH patients 
using 3D echo at baseline and during follow-up. 
All patients prospectively underwent a right- 
heart catheterization (RHC), and 2D and 3D 
echocardiography within 1 h. We measured right- 
heart sizes and volumes, TAPSE, DTI S wave, 
RV fractional area change (FAC), global and 
regional longitudinal strain, and RV ejection 
fraction. All measurements were performed at 
baseline and after treatment as suggested by the 
guidelines. Thirty-six patients (15 women, 21 
men; age 69  ±  11) were included. At baseline, 
mPAP was 41  ±  12  mmHg, cardiac index (CI) 
was 2.9  ±  0.9  L/min/m2, pulmonary capillary 
wedge pressure was 11  ±  4  mmHg, right atrial 
pressure (RAP) was 14 ± 6 mmHg, and pulmo-
nary vascular resistance (PVR) was 7 ± 4 WU. At 
baseline RVEF was decreased 40 ± 13% (normal 
value 58 ± 6% and abnormality threshold <45%), 
and RVFAC as well, 34 ± 13%, whereas TAPSE 
was slightly decreased and 20 ± 5% RV remodel-
ing analysis showed dilated RV: RV/left ventricle 
area  =  1  ±  0.6 (normal <0.6). Using univariate 
analysis RVEF was significantly correlated to 
mPAP, PVR, RV size, TAPSE (r2  =  0.14; 
p = 0.0363), DTI S wave (r2 = 0.2; p = 0.0135), 
and global strain (r2 = 0.57; p = 0.0002). Using 
multivariate analysis RVEF was significantly 
correlated to TAPSE (p  =  0.0243) and strain 
global (p  =  0.0007). Ten patients (31%) had 
decreased RVEF while TAPSE remained normal. 
In patients treated with pulmonary vasodilators 
(n = 12) who had RHC and 2D and 3D echo anal-
ysis during follow-up RVEF increased from 
32  ±  12% to 42  ±  4% while TAPSE remained 
stable from 20  ±  6% to 21  ±  5%. Thus in PH 
patients, assessment of right-heart function using 
3D echocardiography was easy and reproducible. 
RVEF was independently correlated to TAPSE 

and global strain. However RVEF was altered 
while TAPSE remained normal and during fol-
low- up 3D RVEF variation occurred first. 3D 
echo RVEF seems to be useful as an early param-
eter of RV systolic dysfunction and may be supe-
rior to other echo parameters of right-heart 
function in severe PH. This may be explained by 
the fact that, in spite of load dependency, EF is 
linked to the Ees/Ea ratio simplified for common 
pressure terms [66]: Ees/Ea = EF/(1 − EF).

RVEF values around 40% correspond to Ees/
Ea decreased from normal values of 1.5–2 to 0.8 
associated with the onset of RV dilatation [67]. A 
recent study reported on the negative impact on 
the outcome of decreased RVEF measured by 
MRI in spite of targeted therapy-associated 
decreased PVR in patients with PAH. RVEF is an 
independent predictor of survival in PAH [68] 
and correlated to risk scores [69]. Cutoff values 
are around 40% RVEF >54%, 37–54%, and 
<37% that are associated with low risk, interme-
diate risk, and high risk of 1-year mortality in 
PAH.  A recent meta-analysis showed that a 
decrease in RVEF by 1% increases the risk of 
clinical deterioration by 6% at 2 years and death 
by 2% at 5  years (numbers rounded up) [70]. 
Images of 3D RV analysis and tracking are illus-
trated in Fig. 7.4.

 RV Dimensions, Remodeling, 
and Diastolic Function

The heterometric adaptation of the RV inevitably 
results in a competition for space with the LV 
within the relatively non-distensible pericardium. 
This diastolic interaction is usually quantified by 
an apical four-chamber view as a ratio of RV and 
LV diastolic surface areas. The RV/LV ratio is 
normally 0.5–0.7, increasing to 0.8–1.0, 1.1–1.4, 
and >1.5 in mild, moderate, and severe RV dilata-
tion [10, 12].

The dilatation of the RV compressing the LV 
can also be measured by an end-systolic paraster-
nal short-axis view of a D-shape instead of circu-
lar shape of the LV, with an increased ratio of 
parallel to perpendicular to septum LV diameters, 
called eccentricity index (EI). The EI is normally 
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equal to 1, and increases to 1.1–1.4, 1.5–1.8, and 
>1.8 referring to mild, moderate, and severe sep-
tal bowing, respectively. However, some degree 
of septal flattening is invariably present in 
patients with pulmonary hypertension, and actu-
ally also reflects a delay in the time to peak RV 
contraction [71]. An increased EI enhances the 
prognostic impact of a given degree of RV sys-
tolic dysfunction [72].

Impaired relaxation and filling of the RV are 
also a consequence of altered systolic function 
and increased dimensions, which causes an 
increase in the RV isovolumic relaxation time 
(IVRT), with reversal of trans-tricuspid flow and 
tricuspid annulus velocity E and A waves. 
Compression of the LV by an enlarged RV alters 
LV diastolic compliance, with prolonged mitral 
E-wave deceleration, inversed E/A, and eventu-
ally an increased E/E′ indicating increased LV 
end-diastolic pressure (LVEDP). Altered dia-
stolic function of the LV as a consequence of RV 
failure is sometimes called the “inverse Bernheim 

effect,” after the initial report more than a century 
ago of altered RV function by LV failure [73].

Dilatation of the RV under pressure is inevita-
bly associated with tricuspid insufficiency. The 
greatest degrees of tricuspid regurgitation are 
observed in dilated RV on severe PH. The combi-
nation of a marked tricuspid regurgitation and 
depressed TAPSE is of particularly poor progno-
sis in patients with severe pulmonary hyperten-
sion [47].

Right atrial enlargement is a component of 
right-heart failure. An increased RA area has been 
shown to predict decreased clinical stability and 
shorter survival in idiopathic PAH [74]. Whether 
the dilatation of the RA is more than just the 
mechanical consequence of RV dilatation and tri-
cuspid insufficiency is not exactly known. Right 
atrial enlargement goes along with inferior vena 
cava dilatation and decreased inspiratory collapse.

The presence and severity of pericardial effu-
sion are another important sign of RV failure. It is 
the consequence of increased central venous 

Fig. 7.4 3D right ventricular volumes and right ventricular ejection fraction
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pressures, with increased coronary capillary fil-
tration. It may be aggravated by coexistent 
inflammation in patients with PAH associated 
with connective tissue diseases. Pericardial effu-
sion predicts clinical worsening and decreased 
survival [74].

 RV Dyssynchrony

Studies using MRI imaging with myocardial tag-
ging have shown that RV failure in patients with 
severe PH is characterized by prolonged systolic 
shortening with late peaking, and that this con-
tributes to septal bowing, decreased LV filling, 
and decreased SV [71]. This interventricular 
asynchrony causes a typical aspect of postsys-
tolic shortening on the TDI imaging of tricuspid 
annulus tissue velocity [75].

However, RV failure is also associated with 
regional contraction abnormalities responsible 
for dyssynchrony, as can be shown by speckle 
tracking strain measurements. This is illustrated 
in Fig. 7.5.

The speckle tracking analysis is used to gener-
ate regional strain from echocardiographic 
images [76, 77]. A region of interest is traced on 
the endocardial and epicardial border of the right 
ventricle apical four-chamber view, using a point- 
and- click approach. Natural acoustic markers, or 
speckles within the region of interest, are tracked 
over the cardiac cycle. The location shift of these 
speckles from frame to frame, which represents 
tissue movement, provides the spatial and tempo-
ral data. Longitudinal strain is calculated as the 
change in length/initial length between endocar-
dial and epicardial trace. Accordingly, in the lon-
gitudinal view, RV myocardial shortening is 
represented as a negative strain and myocardial 
lengthening as a positive strain. The software 
then automatically divides the RV long-axis 
image into six standard segments and generates 
global and individual strain-time waveforms for 
basal septum, mid septum, apical septum, basal 
free wall, mid free wall, and apical free wall seg-
ments. Peak strain and time to peak strain from 
each of the four or six time-strain curves are 

determined with dyssynchrony defined as the dif-
ference between earliest and latest segments as 
previously described [78–80]. Global longitudi-
nal RV septal wall strain is calculated as averaged 
longitudinal strain from three septum segments. 
Global longitudinal RV free wall strain is calcu-
lated as averaged longitudinal strain from three 
free wall segments. Finally, global longitudinal 
RV strain is calculated as averaged longitudinal 
strain from six segments. The maximum time dif-
ference from the earliest to latest peak strain 
among six segments, as a measure of contraction 
synchrony, is increased in pulmonary hyperten-
sion patients.

Asynchrony and dyssynchrony decrease the 
efficiency of RV contraction, and thus depress 
global indices of systolic function such as FAC or 
TAPSE, even though this has not until now been 

Fig. 7.5 Regional right ventricular function analyzed 
with speckle tracking strain of a patient with pulmonary 
hypertension. Global strain and individual segments are 
color coded: global longitudinal strain (dashed white 
curve); basal (yellow curve), mid (cyan curve), and apical 
(green curve) segments of the right ventricular septum; 
and basal (red curve), mid (blue curve), and apical 
(magenta curve) segments of the right ventricular free 
wall. Note that some segments shorten early and the 
remaining segments shorten late, similar to dyssynchrony. 
Hemodynamics; global, early, and late segmental contrac-
tion; and dyssynchrony are reported below each example
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systematically evaluated. Asynchrony also impairs 
LV diastolic filling. Dyssynchrony of RV contrac-
tion in advanced PAH is associated with worse 
functional state and decreased survival [80].

In a previous study in our center [81], we 
defined dyssynchrony as the R-R interval- 
corrected standard deviation of the times to peak 
systolic strain for the basal and medium segments 
of the RV.  All the PH patients underwent a 
 right- heart catheterization. RV dyssynchrony 
amounted to 69  ±  34  ms in PAH patients with 
mean PAP higher than 25 mmHg, 47 ± 23 ms in 
patients with mean PAP between 20 and 
25 mmHg, and 8 ± 6 ms in controls, all different 
from each other (p < 0.05). RV dyssynchrony in 
patients with mean PAP between 20 and 25 mmHg 
was the only parameter of RV systolic dysfunc-
tion in 11 of 13 (85%) patients. RV dyssynchrony 
was accompanied by postsystolic shortening and 
correlated to RV fractional area change, not to 
mPAP or pulmonary vascular resistance. These 
results confirm that RV dyssynchrony is typical of 
advanced PH [80], but that it also occurs in the 
early stages of the disease. It has indeed also been 
shown that hypoxic breathing in healthy volun-
teers to bring mean PAP at the upper limit of nor-
mal or slightly above is already associated with a 
significant increase in RV dyssynchrony [82].

 Conclusions

Echocardiography is essential for the diagnosis 
and serial assessments of RV dysfunction.

The echocardiographic approach provides 
accurate assessments of the pulmonary circula-
tion and RV function. RV remodeling and RV 
systolic function can be analyzed with accuracy 
for an early diagnosis of RV dysfunction and for 
the follow-up. New-generation software allow 
sophisticated diagnosis as dyssynchrony and 
assessments of RV volumes to calculate RV ejec-
tion fraction. This last parameter is essential to 
take care of PH patients and has been for a long 
while available through MRI only. RV EF is now 
easily available using echocardiography.

Echocardiography must be understood as an 
extension of clinical examination.
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Volume Overload and the Right 
Heart

Javier Sanz

 Introduction

Abnormalities in anatomy and function of the 
right ventricle (RV) can be due predominantly to 
a myocardial disorder or increased load. 
Myocardial diseases may be primary (i.e., idio-
pathic dilated cardiomyopathy) or secondary to 
other processes (such as myocarditis or toxicity). 
They are often accompanied by concomitant left 
ventricular (LV) involvement, although some 
may predominantly affect the RV (for example, 
arrhythmogenic cardiomyopathy or Uhl’s anom-
aly). Regarding the overloaded RV, mechanisms 
may be divided into a predominant increase in 
volume (preload) or a predominant increase in 
pressure (afterload). This classification into three 
main categories (myocardial disease, pressure 
overload, and volume overload) is useful from a 
clinical perspective because clinical management 
and prognostic implication can vary markedly 
amongst these three groups [1]. Nevertheless, it 
must be realized that this categorization is neces-
sarily artificial because at some point during their 

clinical course they may all be present simultane-
ously to some degree. As an example, patients 
with cardiomyopathies often have secondary pul-
monary hypertension (PH) or may develop sec-
ondary tricuspid regurgitation (TR) as a 
consequence of RV dilatation (and thus superim-
posed RV volume overload). Similarly, patients 
with RV pressure overload may not only demon-
strate TR by similar mechanisms or pulmonary 
regurgitation (PR) due to pulmonary artery dila-
tation, but also develop functional, metabolic, 
and pathologic abnormalities of the RV myocar-
dium, either because of the chronic pressure 
overload (as reviewed elsewhere in the book) or 
because of direct myocardial involvement of the 
diseases causing PH (i.e., scleroderma) [2]. As 
we will see below, the chronically volume- 
overloaded RV may also develop intrinsic func-
tional abnormalities, although to a much lesser 
degree than the pressure-overloaded 
RV. Consequently, the final adaptation of the RV 
to a specific pathological condition will depend 
on the presence and extent of abnormalities in 
these three intertwined facets.

While all three mechanistic groups may pres-
ent with RV enlargement, in this chapter we 
review the group in which the main, original 
mechanism of RV dilatation is volume overload 
predominantly affecting the RV.  We will not 
address the group with secondary RV volume 
overload and/or dilatation that can be seen in car-
diomyopathies or advanced PH, patients with LV 
assist device, systemic RV, or situations where 
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volume overload affects both ventricles (high- 
output heart failure) [1, 3].

 Overview of RV Volume Overload

 Anatomic and Functional Adaptation 
to RV Volume Overload

From a macroscopic perspective, the anatomic 
hallmarks of isolated or predominant chronic RV 
volume overload typically include RV enlarge-
ment, normal RV wall thickness (albeit with an 
increase in free wall mass secondary to dilata-
tion), and predominantly diastolic septal flatten-
ing with concomitant reduction in LV diastolic 
volume (Fig. 8.1) [1]. These features can be stud-
ied experimentally and/or clinically in vivo using 
different imaging modalities including echocar-
diography, cardiac magnetic resonance (CMR), 
computed tomography (CT), and, to a limited 
extent, nuclear techniques such as single-photon 
emission computed tomography (SPECT). 
Describing the role of these modalities in the 
evaluation of the RV in general or the volume- 
overloaded RV in particular is beyond the scope 
of this chapter and the interested reader is referred 

to dedicated reviews [4–6]. Suffice it to say that 
while echocardiography is the most widely avail-
able modality and can provide important infor-
mation regarding diastolic function and 
hemodynamics, as detailed in other chapters of 
this book, CMR is considered the gold standard 
for quantification of biventricular size and sys-
tolic function, with CT being a good (although 
irradiating) alternative to both in the event they 
are nondiagnostic or they cannot be performed. 
Representative examples of volume-overloaded 
RVs as depicted by different modalities are dis-
played in Fig. 8.2.

In comparison with the LV, the RV has thinner 
wall and lower volume-to-wall surface area ratio, 
which renders the RV more compliant [7]. The 
RV is therefore capable of accepting varying 
amounts of venous return and pumping them into 
the low-impedance pulmonary circulation at a 
relatively constant stroke volume [1]. In other 
words, the RV is much better suited to face 
increases in preload than afterload. RV volume 
overload represents an increase of predominantly 
preload; however, according to Laplace’s law 
(even though for spherical structures), as the RV 
dilates the curvature of the wall decreases and 
thus wall tension (afterload) increases. Therefore, 

a b

Fig. 8.1 Pathology specimens of a normal heart (a) and a 
heart with RV volume overload (b). Note the enlargement 
of the RV cavity (black asterisk), the leftward shift of the 

interventricular septum (white asterisk), and the mild 
hypertrophy of the RV free wall (arrows). (Modified from 
[1] with permission)
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although preload and afterload can be conceptu-
alized separately, they are closely interrelated 
and cannot be fully dissociated as separate 
aspects.

It has been generally believed that RV vol-
ume overload courses with preserved RV sys-
tolic function, although this depends on the 
technique employed for quantification, underly-
ing etiology, coexistent PH, and, importantly, 
disease stage. Early experimental studies in cats 
subjected to volume overload by surgically cre-
ating an atrial septal defect (ASD) for 4–8 weeks 

demonstrated normal contractility and energet-
ics of RV myocytes studied in vitro [8, 9]. A lon-
ger follow-up of 3.5–4  years in dogs with 
experimentally induced TR also reported no dif-
ferences in sarcomere shortening in comparison 
with controls [10]. Regarding in vivo investiga-
tions, a study of RV performance with both 
CMR and conductance catheters in pigs after 
3  months of experimental PR demonstrated 
reduced baseline RV ejection fraction (RVEF) 
with no significant increase with dobutamine. 
End-systolic elastance was normal at rest but 

a b

c d

Fig. 8.2 Typical morphological features in diastole of RV volume overload (RV dilatation, septal flattening, and 
“D-shaped” LV with reduced volume) as demonstrated by echocardiography (a), CMR (b), CT (c), and SPECT (d)
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also failed to increase under inotropic challenge, 
suggesting an intrinsic alteration in contractility. 
In addition, RV compliance was enhanced while 
LV compliance was decreased [11]. A similarly 
diminished contractile response was noted in 
dogs with overload induced by femoral arterio-
venous shunting and subsequently exposed to 
increasing afterload [12]. A systematic review of 
animal models of RV volume overload identified 
two main models: aorto-caval shunt in rodents 
and PR in pigs. The authors found significant 
heterogeneity in terms of volume load, duration 
of load, and surgical technique indicating that 
these models and species are not interchange-
able and may not reflect human pathophysiology 
accurately. Consistent findings in both models 
included RV dilatation, preserved RVEF, 
increased RV end-diastolic pressure (which may 
reflect diastolic dysfunction or simply volume 
overload), and RV hypertrophy. The PR models 
demonstrated decreased RV preload recruitable 
stroke work and end-systolic elastance indica-
tive of reduced contractility. Conversely, the RV 
maximal slope of systolic pressure increment 
(dP/dTmax) was increased only in the shunt mod-
els, although this is a load- dependent parameter 
and may have been increased through Frank-
Starling mechanisms [13]. One study of porcine 
experimental PR followed for up to 3  months 
tested whether restoration of normal valvular 
function via transcatheter valve implantation 
would result in RV volume normalization after 
1  month. The only predictor of non-recovery 
was the degree of RV dilatation defined as 
change from baseline to pre- intervention 
(>120  ml/m2 for end-diastolic volume and 
>45  ml/m2 for end-systolic volume; Fig.  8.3) 
[14], which is consistent with clinical observa-
tions described below. Regarding RV adaptation 
to acute volume overload, experimental studies 
have indicated rapid dilatation, reductions in 
RVEF and contractility, and increments in end-
diastolic pressure without clear change in dia-
stolic properties [15, 16].

With respect to human data, studies of RV vol-
ume overload have consistently shown the fea-
tures indicated above of RV dilatation with 
abnormal septal motion and decreased LV dimen-

sions [17–19]. In an early pioneer investigation 
evaluating RV pressure-volume relationships 
invasively, the shape of the loops was indistin-
guishable from that of the normal RV in five 
young patients (median age 14  years) with RV 
volume overload secondary to ASD [20] (graphi-
cal representations of pressure-volume loops in 
normal and volume-overloading conditions, and 
their comparison with pressure overload, are pre-
sented in Fig. 8.4). However, a study in patients 
with PR due to dysfunctional RV to pulmonary 
artery conduits who underwent percutaneous pul-
monary valve implantation suggested limited 
contractile reserve as demonstrated by lack of 
improvement in cardiopulmonary exercise test-
ing after intervention. The authors hypothesized 
that the volume-overloaded RV is already work-
ing at a high level at rest with limited ability to 
increase performance [21]. Myocardial deforma-
tion may be altered, and regional patterns appear 
to differ according to the underlying disease (see 
section “Specific Etiologies of RV Volume 
Overload”).
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Fig. 8.3 Probability of recovery of right ventricular (RV) 
volumes to normal values after percutaneous pulmonary 
valve replacement (PPVR) in a porcine model of experi-
mental pulmonary regurgitation (PR). The probability 
dropped dramatically when the increase in RV end- 
diastolic and end-systolic volume indices (RVEDVi and 
RVESVi) from PR induction to PPVR was >120  ml/m2 
and >45 ml/m2, respectively. (Reproduced from [14] with 
permission)
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An important consequence of RV volume 
overload is its effects on LV geometry and perfor-
mance because of ventricular interdependence. 
As reviewed in other chapters, the RV and LV are 
intimately interrelated through the interventricu-
lar septum, pericardium, and shared coronary 
blood flow and epicardial circumferential myo-
cyte bundles [7, 22]. Experimental and clinical 
studies demonstrate that dilatation in one ventri-
cle leads to decrease in size and an upward shift 
of the pressure-volume curves in the other, thus 
leading to higher diastolic pressures for the same 
volume. Therefore, RV volume overload and dil-
atation are associated with a reduction in LV 
compliance [11, 22]. In addition, it leads to a 
decrease in LV ejection, probably via Frank- 
Starling mechanisms in the setting of reduced LV 
size [11, 22, 23]. The primary mechanism for 
these changes is LV underfilling due predomi-
nantly to septal displacement and changes in LV 
geometry (Fig. 8.5) [3]. Septal flattening is medi-
ated by changes in transeptal pressure gradients 
during diastole (likely secondary to the inability 
of the RV to sufficiently accommodate excess 
volume due to pericardial constraint), as well as 
septal wall tension and stiffness [7, 24]. An addi-

tional potential mechanism for impaired systolic 
performance was reported in pigs with experi-
mental PR and evaluated ex vivo with diffusion 
tensor CMR. This study found changes in the ori-
entations of cardiomyocyte aggregates of both 
ventricles compared to sham controls, which 
could in theory interfere with normal myocardial 
mechanics and ventricular interdependence [25].

 Cellular and Molecular Adaptation 
to RV Volume Overload

RV response to pressure overload has been exten-
sively characterized [26, 27]. One of the features 
is cardiomyocyte hypertrophy, which occurs 
through accumulation of sarcomeric proteins and 
is usually accompanied by the re-emergence of a 
fetal gene expression pattern with an increased 
expression of natriuretic peptides and a “pro-
teomic switch” from α- to β-myosin heavy chain. 
The advantage of the β-myosin heavy chain is 
that it exhibits reduced energy requirements, but 
at the cost of decreased contractility [26]. In 
addition, there is experimental and some human 
evidence of a “metabolic switch” from 
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Fig. 8.4 Graphical representation of RV pressure- volume 
relationships in a normal RV, a volume-overloaded RV, 
and, for comparison, a pressure-overloaded RV. Note that 
in both RV volume and pressure overload there is a right-
ward shift of the loops reflecting RV dilatation. However, 
contractility (end-systolic elastance) does not differ 
between the normal and the volume-overloaded RV, 
whereas it is significantly increased in the pressure- 
overloaded RV to match pulmonary arterial load (arterial 

elastance) and maintain ventriculoarterial coupling. There 
is mild increase in the end-diastolic pressure-volume rela-
tionship in volume overload, but it is less prominent than 
in pressure overload. Ea arterial elastance, Eed end- 
diastolic elastance, Ees end-systolic elastance, EDPVR 
end-diastolic pressure-volume relationship, EDV end- 
diastolic volume, ESV end-systolic volume, Pes end- 
systolic RV pressure, Pmax maximal RV pressure. 
(Modified from [1] with permission)
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 mitochondrial oxidation of fatty acids or glucose 
as the main mechanism for energy production to 
increased cytosolic aerobic glycolysis, which has 
lower oxygen requirements but also reduced 
energy efficiency [27].

In contrast, there is a paucity of data regarding 
cellular and molecular mechanisms of RV adap-
tation to volume overload, and the need for 
experimental models of pure RV volume over-
load has been identified as one of the current gaps 
in knowledge in right-heart failure [28]. In a 
feline model of RV volume overload induced by 
a surgically created ASD, the degree of RV 
hypertrophy at 7–10  weeks was comparable to 
that in animals subjected to pressure overload, 
with similar ultrastructural cardiomyocyte 
changes and capillary density. Whereas myocyte 
density decreased and collagen density increased 
in pressure overload, this was not observed in 
volume overload [29]. In an experimental study 
of aorto-caval shunting in mice, volume overload 
led to similar degrees of hypertrophy and gene 
expression of markers of fibrosis compared to 
pressure loading. An increase in β/α-myosin ratio 
and in calcineurin activity was noted in both, but 
it was only significant with pressure overload 
[30]. It should be noted though that aorto-caval 

shunting may also induce PH due to increased 
flow through the pulmonary artery and therefore 
elicit different molecular responses from pure 
volume overload [13]. However, in another mice 
model of RV volume overload secondary to 
experimentally induced PR there were progres-
sive increases in RV fibrosis and cardiomyocyte 
apoptosis [31]. Comprehensive, serial gene 
expression profiling suggested that early during 
RV volume overload β-oxidation of fatty acids 
remained the main energy source, but there was a 
late transition towards glycogenolysis. There was 
also a reactivation of fetal gene programs with 
increases in atrial natriuretic peptide and 
β-myosin heavy chain. Persistent downregulation 
of genes involved in calcium-handling genes as 
well as upregulation of transforming growth 
factor-β signaling may have contributed, respec-
tively, to contractile dysfunction and extracellu-
lar matrix remodeling [31]. The systematic 
review on animal models of RV volume overload 
mentioned before found limited description of 
molecular mechanisms of RV adaptation, the 
most consistent ones being change in the β/α- -
myosin heavy chain ratio, initial activation of the 
renin system, and modest increase in inductors of 
hypertrophy such as angiotensin II or calcineurin 

a b c

Fig. 8.5 Demonstration of diastolic septal flattening. (a) 
M-mode echocardiogram in the parasternal long-axis 
view demonstrating the shift of the septum towards the 
center of the LV during diastole (arrow) while the infero-
lateral wall is moving away from the LV center (arrow-
head). (b, c) The images show two-dimensional 

echocardiograms in the parasternal short-axis view in 
diastole and systole, respectively. Note the flattening of 
the septum in diastole with a “D” shape of the LV (aster-
isks) with normalization to a spherical shape during 
systole
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[13]. This review also identified, in both PR and 
aorto-caval shunting models, the presence of 
myocardial fibrosis [13], which may also be 
found in human hearts (Fig. 8.6).

The findings above resemble to some extent 
those noted in RV pressure overload; however, 
with the exception of fibrosis, it is uncertain if 
similar changes take place in humans. A small 
study in 11 patients with ASD evaluated with 
positron-emission tomography and SPECT dem-
onstrated an increased uptake of glucose in the 
interventricular septum compared to the LV free 
wall, and a similar trend in the RV free wall that 
did not reach statistical significance. No differ-
ences between the septal and LV free walls were 
noted for the uptake of thallium as a surrogate of 
perfusion or β-methyl-p-iodophenyl-
pentadecanoic acid, a fatty acid analogue. The 
increased glucose metabolic rate might represent 
metabolic switch, although other explanations 
such as increased septal contribution to RV ejec-
tion, relative ischemia, or technical factors can-
not be excluded [32]. RV hypertrophy and 
increased afterload can be associated with 
increased oxygen requirements and relative isch-
emia [1, 3]. While this has been well documented 
in RV pressure overload with associated right- 
heart failure [33, 34], it is uncertain if the smaller 
degrees of increased wall tension expected in RV 
volume overload are enough to cause imbalance 

in oxygen supply/demand, which in turn might 
contribute to ischemia-related fibrosis. In the nor-
mal RV, and as opposed to the LV, there is sub-
stantial coronary blood flow during systole [35], 
which in theory would make systolic (pressure) 
overload more susceptible to ischemia than dia-
stolic (volume) overload.

A summary of the physiopathology of RV vol-
ume overload is presented in Fig. 8.7.

 Clinical Course and Management 
of RV Volume Overload

Because of the anatomic and physiological fea-
tures discussed above, chronic volume overload 
is much better tolerated than pressure overload, 
and patients may be clinically and hemodynami-
cally compensated for decades, particularly in the 
absence of PH [3, 7, 36]. However, it has become 
increasingly evident that chronic volume over-
load eventually leads to increased morbi- 
mortality, particularly in the presence of 
superimposed pressure overload or marked RV 
enlargement and/or systolic dysfunction [37–41]. 
Ultimately the latter ensue (and may be irrevers-
ible to some degree) together with right atrial 
dilatation, reaching a final symptomatic state 
with symptoms and signs of right-heart failure 
such as edema, abdominal bloating, fatigue or 

a b

Fig. 8.6 Myocardial samples of a normal (a) and a 
volume- overloaded (b) human heart stained with hema-
toxylin and eosin and Masson’s trichrome, demonstrating 

mildly increased interstitial fibrosis (in blue) in the 
volume- overloaded heart. (Reproduced from [1] with 
permission)
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palpitations in relation, respectively, to elevated 
central venous pressure, hepatic congestion, 
reduced output, or arrhythmia, particularly atrial 
fibrillation [37, 38]. Figure 8.8 represents guide-
line-based stages of TR [38], which can serve as 
a conceptual framework for the natural history of 
RV volume overload in general. It must be noted 
that if volume overload is associated with, or 
leads to, elevated pulmonary pressures (i.e., sys-
temic-to-pulmonary shunts), symptoms of PH 

such as dyspnea, chest pain, or near syncope, 
rather than signs and symptoms of congestive 
right-heart failure, may be dominant in the clini-
cal presentation.

Although infrequent, acute RV volume over-
load can occur in cases of acute right-sided val-
vular regurgitation secondary to endocarditis, 
iatrogenic or blunt trauma, or myocardial 
 infarction. These are usually well tolerated 
hemodynamically in the short term, but acute 

RV fibrosis

RV ischemia?

RV wall tension RV hypertrophy

RV volume overload RV dilatation Diastolic septal flattening

RA dilatation RVEF

LV diastolic volume

TR LVEF

↓

↓

↓ SV

↓

↑ ↑

Fig. 8.7 Scheme of the 
physiopathology of RV 
volume overload. Please 
see text for details. RV 
right ventricle, LV left 
ventricle, RVEF right 
ventricular ejection 
fraction, LVEF left 
ventricular ejection 
fraction, RA right 
atrium, SV stroke 
volume, TR tricuspid 
regurgitation

STAGE A STAGE B STAGE C STAGE D

At risk Progressive Severe Severe

Asymptomatic Asymptomatic Asymptomatic Symptomatic

(i.e., rheumatic
tricuspid valve)

(i.e., mild–
moderate TR)

(i.e., severe TR) (i.e., severe TR)

↑ CVP (edema,
hepatomegaly,
abdominal bloating)

  SV (fatigue)

AF (palpitations)

↑

Fig. 8.8 Stages of TR as per the ACC/AHA guidelines 
[38], which can be conceptualized as a generalization for 
RV volume overload. After an initial “at-risk” phase 
(stage A) which may be present in some cases (for exam-
ple primary or secondary valvular abnormalities) the dis-
ease progresses silently (stage B; in patients with 
congenital shunts the disease would start in this stage) 
until there is severe dilatation of the RV and often right 

atrium (stage C). Eventually clinical decompensation 
takes place (stage D). As indicated in the text, please note 
that in cases of associated pulmonary hypertension (PH; 
for example, secondary to shunt) symptoms/signs of PH 
may predominate. CVP central venous pressure, SV stroke 
volume, AF atrial fibrillation (or other atrial arrythmias), 
TR tricuspid regurgitation
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decompensation has been reported [42]. As in 
other chronic situations, there is impaired prog-
nosis on long-term follow-up if volume over-
load persists [43].

The basis of clinical management for RV vol-
ume overload is serial imaging to evaluate for 
progressive RV dilatation and/or systolic func-
tion that would trigger surgical or percutaneous 
repair of the underlying responsible lesion [37–
41]. There is limited role of medical therapy 
with two main exceptions. In advanced, clini-
cally manifest right-heart failure, diuretics (typi-
cally loop diuretics and/or aldosterone 
antagonists) may help alleviate systemic venous 
congestion [38]. The second situation is when 
PH coexists or develops during disease course, 
in which case PH-targeted therapy such as pros-
taglandins, endothelin blockers, and phosphodi-
esterase-5 inhibitors may also play a role [40, 
41]. In addition, specific etiologies of valvular 
dysfunction may require dedicated medical ther-
apy, for example antibiotics in infective 
endocarditis.

A comparison of main, general differences 
between compensated RV adaptation to chronic 
volume or pressure overload is summarized in 
Table 8.1.

 Specific Etiologies of RV Volume 
Overload

Isolated or predominant RV volume overload can 
be secondary to right-sided regurgitant valve dis-
ease and pre-tricuspid systemic-to-pulmonary 
shunts (Table 8.2). Valvular regurgitation can be 
classified as primary if the abnormality leading to 
insufficiency resides in the valve itself, or sec-
ondary (or functional) when it develops as a 
result of RV or pulmonary artery dilatation in the 
setting of other processes such as PH. In the latter 
case, the valvular abnormality cannot be seen as 
the trigger of RV volume overload, but it can con-
tribute to its magnification. Congenital abnor-
malities with sufficient pre-tricuspid 
systemic-to-pulmonary shunting can also cause 
RV volume overload. This therefore includes an 
ASD or partial anomalous pulmonary venous 
return (PAPVR). While ventricular septal defects 
also cause increased volume to the RV, the higher 
pressure component of the shunt leads to faster 
development of PH and thus combined pressure 
and volume overload [44]. PAPVR involving 
only one vein without an associated ASD typi-
cally does not cause enough left-to-right shunting 
to justify significant RV overload or therapeutic 

Table 8.1 Comparison of main features in compensated, chronic RV volume versus pressure overload in humansa

Parameters Volume overload Pressure overload
RV volume Moderate/severe increase Preserved/mild increase
RV mass Mild increase Moderate/severe increase
RV ejection fraction Preserved/mild decrease Preserved/mild decrease
RV contractility Preserved/mild decrease Increased
RV compliance Preserved/increased Decreased
RV fibrosis Mild Moderate/severe
RV metabolic switchb Possible Probable
RV proteomic switchc Possible Probable
RV ischemia Unknown Yes
Clinical deterioration Long term Midtermd

Principles of management Serial imaging
Surgical/percutaneous repair

Treatment of underlying etiology
PH-directed drug therapy

RV right ventricle, PH pulmonary hypertension
aPlease note that this table represents a generalization that assumes clinical and hemodynamic compensation. Findings 
in a decompensated state would differ
bSwitch from fatty acid and glucose oxidation towards glycolysis
cSwitch from α- to β-myosin heavy chain
dVaries according to severity and etiology [90]
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intervention [40]. Thus, most of the evidence 
regarding RV performance in simple 
 systemic- to- pulmonary shunts derives from 
ASD, particularly the ostium secundum type or 
to a lesser extent the combination of sinus veno-
sus ASD and PAPVR, so ASD and PAPVR will 
be considered together. Representative examples 
of the main causes of RV volume overload are 
shown in Fig. 8.9.

In the next sections we will review some evi-
dence pertaining to each of the etiologic entities 
mentioned above, with a specific emphasis on 
how RV status can influence clinical course and/
or management.

 Tricuspid Regurgitation

Isolated TR is usually well tolerated clinically for 
prolonged periods of time (Fig. 8.8) [37, 38, 45]. 
TR can be caused by intrinsic valvular abnormal-
ities of various etiologies such as prolapse, radia-
tion, endocarditis, and others. However, 
functional TR secondary to annular dilatation 
and/or distortion, most commonly in the setting 

of RV enlargement, represents 80% of cases of 
significant TR and is often associated with left- 
sided valvular or ventricular abnormalities and/or 
PH [37–39]. In these cases, TR development may 
contribute to additional overload and a spiral of 
progressive RV dilatation, systolic dysfunction, 
and further regurgitation [46].

It is well known that the presence of severe TR 
is related to poor prognosis in the long term, 
which has been mostly studied in the context of 
chronic heart failure or left-sided valvular disease 
[37, 38], but also in isolated TR [47]. It is gener-
ally accepted that the excess mortality associated 
with severe TR is independent from RV dilatation 
and systolic dysfunction [38] as suggested by 
both early echocardiographic [48] and more 
recent echocardiographic and CMR data [47, 49, 
50]. However, not all studies have confirmed this 
[51], so how RV status modulates the clinical 
natural history of TR is not fully understood. 
Nonetheless, its evaluation may be helpful for the 
timing of intervention. In 69 patients undergoing 
surgical repair of severe residual TR after prior 
left-sided valve surgery, an RV end-systolic area 
<20 cm2 as measured by echocardiography pre-
dicted reduced risk of death and cardiovascular 
rehospitalization [36]. Analogous data were 
reported in 75 patients evaluated with CMR and 
in whom a preoperative RVEF ≥45% (Fig. 8.10) 
or an RV end-systolic volume ≤75 ml/m2 were 
linked to improved survival [52]. In 32 patients 
undergoing surgical repair of residual functional 
TR following previous left-sided valve surgery, a 
threshold of RV end-diastolic volume <164 ml/
m2 by CMR could identify those demonstrating 
normal postoperative RVEF, although the authors 
acknowledged that there was no threshold above 
which the RV did not show improvement [53]. 
Based on these and other data, and in addition to 
symptomatic patients or those undergoing left- 
sided valve surgery, clinical guidelines give con-
sideration to the surgical repair of severe TR in 
patients with no or minimal symptoms if there is 
progressive RV dilatation and/or systolic dys-
function [38, 39], although the criteria of what 
constitutes meaningful progression need to be 
refined. The ongoing development of novel trans-
catheter tricuspid valve interventions [54] may 

Table 8.2 Etiologies of RV volume overload

Valvular regurgitation
• Tricuspid

   – Primary
   – Secondary

• Pulmonary
   – Primary
   – Secondary

Systemic-to-pulmonary shunt
• Atrial septal defect (ASD)

   – Ostium primum
   – Ostium secundum
   – Sinus venosus
   – Unroofed coronary sinus

• Partial anomalous pulmonary vein drainagea

   – Right upper (±middle) vein to SVC
     With sinus venosus ASD
     Without sinus venosus ASD
   – Left upper vein to left brachiocephalic vein
   – Right lower vein to IVC (scimitar syndrome)
   – Other

ASD atrial septal defect, IVC inferior vena cava, SVC 
superior vena cava
aMost common variants
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lead to a change in the landscape of indications 
for repair in both primary and functional TR, as 
well as redefinition of the roles of RV size and 
function quantification in guiding the timing of 
therapies.

 Pulmonary Regurgitation

Apart from the general considerations discussed 
above regarding RV adaptation to volume over-
load, there are regional differences in systolic 

a b

c d

Fig. 8.9 Representative examples of different etiologies 
of RV volume overload. (a) Two-dimensional echocardio-
gram with color Doppler in an apical, long-axis, four- 
chamber view demonstrating severe tricuspid regurgitation 
(arrow) into the right atrium. (b) Two-dimensional echo-
cardiogram with color Doppler in a parasternal short-axis 
view at the level of the aortic valve, displaying severe pul-

monary regurgitation (arrow) into the RV outflow tract. 
(c) Cine CMR in a four-chamber orientation demonstrat-
ing an ostium secundum atrial septal defect (arrow). (d) 
Double-oblique multiplanar reformat of a CT angiogram 
depicting an anomalous left upper pulmonary vein (arrow) 
draining into the left brachiocephalic vein (asterisk)
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function in patients with tetralogy of Fallot 
(TOF). One obvious reason is the presence of 
wall motion abnormalities in the outflow tract as 
sequalae of surgical infundibulotomy and/or RV 
outflow tract patch enlargement. Using CMR 
volumetric analysis of three RV components, it 
was shown that the contribution of the inlet to 
global RVEF was unchanged in patients with 
repaired TOF compared with controls, but it was 
increased for the apical trabecular portion and 
reduced for the outlet, suggesting that the former 
is assuming the additional load for maintaining 
ejection [55]. Preferential dilatation and a more 
spherical shape in the apex were also described in 
another series [56]. Studies using echocardiogra-
phy have shown a reduction in RV free wall lon-
gitudinal strain that correlated with the severity 
of PR [57] and that became more severe towards 
the apex [58, 59]. It has been hypothesized that 
the apical changes in size and configuration after 
TOF repair may increase wall tension and result 
in reduced myocardial deformation in this region 
[58]. Unsurprisingly, given interventricular inter-
actions described above, there is evidence also in 
TOF of a relation between PR-related RV dilata-

tion and systolic dysfunction with LV functional 
abnormalities, such as decreased torsion, 
increased dyssynchrony, or abnormal hemody-
namic forces [59–61].

It needs to be recognized, however, that PR in 
TOF represents a relatively unique situation of 
RV volume overload that may not be directly 
extrapolatable to other conditions such as PR sec-
ondary to carcinoid heart disease or congenital 
PR. While the latter usually occur in an otherwise 
“normal” RV, the RV in repaired TOF demon-
strates surgical sequelae with areas of scar and 
dyssynchrony [62, 63]. In addition, there may be 
residual outflow tract obstruction or pulmonary 
artery stenosis after surgery, with concomitant 
increase in afterload that can modulate the degree 
of PR and associated RV remodeling [64, 65]. 
Furthermore, the RV in TOF is exposed to persis-
tently increased pressure overload between birth 
and time of repair. Indeed, the RV wall in TOF 
demonstrates an intermediate layer of predomi-
nantly circumferential myocyte aggregates [66], 
somewhat similar to the LV and in contrast to the 
normal RV “two-layer” structure of superficial, 
predominantly circumferential aggregates, and 
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Fig. 8.10 Clinical outcomes after surgical repair of 
severe tricuspid regurgitation according to preoperative 
right ventricular ejection fraction (RVEF). Patients with 
RVEF ≤45% had increased rates of cardiac death (a) or 

the combination of cardiac death and unplanned cardiac 
related readmission (b). (Reproduced from [52] with 
permission)
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deep, predominantly longitudinal aggregates [1]. 
This has nonetheless been hypothesized to be 
part of the congenital derangement of TOF as 
opposed to just adaption to increased pressure 
load [66].

Similar to isolated TR, isolated PR is usually 
well tolerated and may not require intervention 
in patients without TOF, although a series of 72 
cases with isolated congenital PR demonstrated 
development of symptoms and increase in mor-
tality, particularly after age 40 [67]. If PR occurs 
in the setting of significant PH, there is a possi-
ble role of medical therapy with drugs aimed at 
decreasing pulmonary vascular resistance or 
treating underlying PH etiology. In a patient 
with normal pulmonary artery pressures and sig-
nificant PR, serial noninvasive testing (particu-
larly CMR) is advised to identify worsening RV 
enlargement or dysfunction, which would 
prompt transcatheter or surgical valve replace-
ment [40, 45].

RV characteristics play an important role in 
determining prognosis in repaired TOF.  Higher 
baseline RV size and presence of significant TR 
were identified as predictors of more rapid RV 
dilatation in 63 patients with PR secondary to 
surgical repair of TOF or pulmonary valve steno-
sis [68]. An international multicenter CMR regis-
try of 452 patients with repaired TOF identified 

preoperative RVEF <40%, an RV mass-to-vol-
ume ratio ≥0.45 g/ml, and, in a subgroup of 230 
patients with available Doppler data, an RV sys-
tolic pressure ≥40 mmHg as predictors of inci-
dent death or sustained ventricular tachycardia 
[69]. In another multicenter study of 575 patients, 
similar outcomes were best predicted by an 
RVEF <30%, an LV ejection fraction <45%, or, 
particularly, the combination of both [70]. Thus, 
in addition to symptomatic patients, clinical 
guidelines give consideration to valve replace-
ment in cases of asymptomatic severe PR with 
significant or progressive RV dilatation and/or 
dysfunction [40, 41]. A number of CMR studies 
[71–78], summarized in Table  8.3, have also 
addressed the potential role of RV size quantifi-
cation to determine the optimal timing for surgi-
cal intervention for PR. As can be seen, suggested 
preoperative thresholds have ranged between 80 
and 100 ml/m2 for RV end-systolic volume and 
150–190  ml/m2 for RV end-diastolic volume. 
One study [78] performed CMR very early 
(median 6 days) after surgery in 47 TOF patients 
and demonstrated immediate reductions in RV 
end-diastolic volume without further improve-
ments midterm (median 3  years of follow-up). 
However, RV end-systolic volume, RV mass, and 
RVEF improved postoperatively and continued 
to do so midterm, suggesting that RV recovery 

Table 8.3 Studies evaluating optimal preoperative values of RV volumes for RV recovery after surgical pulmonary 
valve replacement in PR secondary to TOF

Authors Year N Age (years) Male (%)
Median f/u 
(years)

Postoperative 
RV 
normalization 
(%)a

Proposed 
RVEDV 
(ml/m2)

Proposed 
RVESVi 
(ml/m2)

Therrien et al. [71] 2005 17 34 ± 12 41.2 1.8 ± 0.9 59.9 170 85
Oosterhof et al. [72] 2007 70 29 [23–37] 59.1 1.6 [0.9–5.2] 16.9 160 82
Henkens et al. [73] 2007 27 30.8 ± 8.2 63.0 0.6 (0.4–1.6) 51.8 N/R 100
Frigiola et al. [74]b 2008 60 22 ± 11 54.9 1 60.0 150 N/R
Geva et al. [75] 1010 61 21 [11–58] 50.0 0.5 18.3 190 90
Lee et al. [76] 2012 67 16.7 (4.6–60.2) 60.1 5.9 (0.3–13.5) 50.7 163 80
Bokma et al. [77] 2016 65 29 ± 8.3 61.5 6.3 [4.9–9.5] 21.5 160 80
Heng et al. [78] 2017 47 35.8 ± 10.1 66.6 3 [1–4.1] 70.2 158 82

Continuous data expressed as mean ± standard deviation, median [interquartile range], or median (range)
RV right ventricle, RVEDV right ventricular end-diastolic volume, RVESV right ventricular end-systolic volume, N/R 
not reported
aDefinition varied according to the study
bSeventy-two percent tetralogy of Fallot; remaining, other forms of outflow obstruction
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evolves over time. LV volumes and ejection frac-
tion decreased postoperatively but increased to 
levels above baseline at 3 years [78]. Conversely, 
in another series, 30 patients with predominant 
PR (two-thirds with TOF) underwent CMR 
before, within 1 month and 12 months after per-
cutaneous valve replacement. This study also 
identified early reductions in RV and increments 
in LV volumes but no improvements in RVEF or 
any further late changes [79], which might be due 
to smaller sample size, shorter follow- up, or dif-
ferent repair technique. The ACC/AHA clinical 
guidelines have adopted thresholds of RV end-
diastolic volume <160  ml/m2 and end- systolic 
volume <80 ml/m2 to recommend valve interven-
tion [40], although recent data has challenged the 
prognostic significance of persistent RV dilata-
tion after valve repair [80]. There are no specific 
optimal volumetric thresholds for intervention 
for residual PR after surgery for congenital pul-
monary valve stenosis, but RV dilatation tends to 
be less severe than in TOF [40].

 ASD/PAPVR

As opposed to the studies showing that patients 
with repaired TOF had reduced deformation of 
the RV free wall that was more severe in the apex 
(see above), patients with ASD had preserved 
global longitudinal strain with supranormal api-
cal strain. Strain values correlated with RV 
dimensions, which may represent load depen-
dency and/or suggest that RV apical contraction 
contributes significantly to the increased RV out-
put [58, 81]. However, after surgical correction 
(even 35  years later) longitudinal strain was 
reduced, particularly in the apex [81, 82], and 
apical strain correlated with functional capacity 
post-repair [81]. It is uncertain if these residual 
abnormalities are sequelae of long-standing RV 
volume overload, surgical intervention, or both 
[82].

As expected, RV volume overload in this 
setting can also lead to subclinical LV 
abnormalities. A study comparing invasive pres-
sure-volume relationships in patients with 
ostium secundum ASD versus controls reported 

alterations in indices of LV diastolic function 
(increases in the isovolumic relaxation time and 
diastolic time constant), and leftward and 
upward shifts of the pressure-volume relation-
ships [83]. Imaging studies have also shown 
impairment in pump function as demonstrated 
by reduced LV ejection fraction [84] or septal 
longitudinal strain [85].

Long-term RV volume overload due to an 
ostium secundum ASD can lead to impaired mor-
bidity and mortality, which can be improved with 
defect closure [45]. Surgical or percutaneous clo-
sure is thus the cornerstone of therapy in ASD 
and PAVPR except in the presence of Eisenmenger 
physiology or significant PH, in which case there 
is a role for PH-targeted medical therapy [40]. 
Together with the absence of significant PH and 
confirmed systemic-to-pulmonary shunting with 
a Qp/Qs ≥1.5, the presence of RV dilatation is an 
important factor to advocate for closure, even in 
the absence of symptoms [40, 41]. A small retro-
spective study identified a preoperative RV end- 
systolic volume <75 ml/m2 as a predictor of RV 
size normalization after percutaneous closure 
[86], but further data is needed before a specific 
threshold can be recommended to trigger inter-
vention. Shunt closure is associated with rapid 
and large improvements in biventricular size, 
geometry, and systolic function as well as in 
atrial dilatation (Fig.  8.11), although recovery 
may not be complete (even up to 5 years of fol-
low- up), particularly in older individuals [45, 
87–89].

 Conclusions

RV volume overload is characterized by RV dila-
tation, diastolic septal flattening, and reductions 
in LV diastolic volume. Clinical course is much 
better than that of RV pressure overload but, 
although it may be well tolerated for decades, 
there is extensive evidence of increased morbi-
mortality in the long term as a consequence of RV 
volume overload. In the absence of symptoms, 
RV dilatation and/or systolic dysfunction play an 
important role in triggering interventions for the 
repair of underlying etiologies (right-sided valvu-
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lar disease or pre-tricuspid systemic-to-pulmo-
nary shunts). Late repair may lead to irreversible 
changes in RV performance and impaired out-
comes. The molecular biology of RV volume 
overload and the mechanisms eliciting the transi-
tion from compensated to decompensated status 
are not well characterized, and research efforts in 
appropriate experimental models are needed to 
improve our understanding of this condition.

Disclosures None.
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 Introduction

Progressive pulmonary vascular remodeling 
belies both pulmonary arterial hypertension 
(PAH) and chronic thromboembolic pulmonary 
hypertension (CTEPH), though each condition is 
distinguished by distinct initial insults. Whereas 
PAH may be idiopathic or related to several iden-
tifiable causes (e.g., connective tissue diseases 
such as systemic sclerosis, drug exposure, viral 
infections, congenital cardiac disease with left- 
to- right shunting, or portal hypertension), 
CTEPH has a more clearly delineated etiology. In 
the setting of hypercoagulable states including 
inherited coagulopathies, malignancy, antiphos-
pholipid antibody syndrome, or chronic inflam-
matory disorders, thromboemboli lead to 
obstruction of proximal and distal pulmonary 
arterioles resulting in compensatory overperfu-
sion of the remaining non-occluded vessels 
which further contributes to arteriopathy.

Although the differences in fundamental etiol-
ogy of PAH and CTEPH have meaningful ramifi-
cations with regard to treatment options, the 
response of the right ventricle (RV) is largely 
common to each condition. Independent of spe-

cific vascular pathobiology, the net effect of pul-
monary arterial remodeling is an increase in 
pulmonary vascular resistance (PVR). PAH as 
well as other forms of precapillary pulmonary 
hypertension are defined by a resting mean pul-
monary artery pressure (mPAP) of >20  mmHg 
with a PVR ≥3 Wood units [1]. The adaptation of 
the RV, while related to increased afterload, is 
also determined by preload and contractility.

Preload, representing wall tension during 
diastole, is closely tied to ventricular filling. 
Contractility, the intrinsic ability of the cardio-
myocytes to stiffen, is a characteristic that is 
independent of preload and afterload. RV after-
load is the RV wall stress that occurs during RV 
ejection and is influenced by several factors 
including the mean resistance, vascular compli-
ance, and arterial wave reflections resulting from 
pulsatile blood flow. RV response to afterload 
and its adaptation are dictated by the laws of 
Frank-Starling (heterometric) and Anrep (homeo-
metric) [2, 3]. As afterload increases to a thresh-
old that overwhelms RV contractility and these 
compensatory mechanisms, ventricular dilatation 
and dysfunction ensue.

The relationship between the RV and its after-
load is referred to as RV-pulmonary arterial (PA) 
coupling. In PAH and CTEPH, as afterload 
increases, RV-PA coupling is a primary determi-
nant of outcomes, and the term “uncoupling” is 
used to describe a maladaptive relationship 
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between the ventricle and pulmonary vasculature 
[4]. While a progressive increase in RV afterload 
is a primary arbiter of RV failure, uncoupling is 
additionally influenced by neuroendocrine sig-
naling as well as ensuing inflammation, fibrosis, 
ischemia, and myocyte death directly affecting 
the RV [5]. Here, the specific ways in which the 
RV responds in PAH and CTEPH, methods to 
assess RV function, and mechanisms that under-
lie maladaptive response are discussed.

 RV Responses to Load

The normally thin-walled right ventricle is 
designed primarily as a director of systemic 
venous return rather than as a muscular pump [6]. 
Thus, it is not well suited to acute rises in wall 
stress, with experimental models intended to 
reproduce the effect of an acute rise in RV after-
load—such as with a massive pulmonary embo-
lism—producing acute dilation and pump failure 
[7, 8]. However, in contrast to the right ventricle’s 
poor response to acute rises in afterload, chronic 
and gradual increases in volume and/or afterload 
are better tolerated. Under these circumstances, 
the RV is capable of remodeling with hypertro-
phy and adaptive autoregulation [9, 10].

The right ventricular response to load—
whether preload or afterload—can be described 
more specifically in terms of heterometric or 
homeometric adaptations. The beat-to-beat varia-
tion in preload or afterload may result in hetero-
metric adaptation, characterized by a change in 
ventricular geometry (dilatation under increased 
load) governed by the Frank-Starling mecha-
nism. While this mechanism may allow rapid 
adaptation to changing preload or afterload, it 
does not allow for prolonged compensation. 
Acute and subacute changes in load may also be 
met with an adaptation in contractility, following 
the observation by von Anrep in 1912, where the 
sustained load is met with increased force pro-
duction [3].

While von Anrep noted autocrine/paracrine 
responses stimulated by stretch as mediators of 
the increased contractility, subsequent investiga-
tion has clarified that further changes underly this 

adaptation. Myocyte hypertrophy, proliferation 
of sarcomeres, and alterations in myofilament 
properties all take place as part of the remodeling 
that facilitates increasing contractility [3, 11–13]. 
At the myocyte level, the response to increased 
load is increased sarcolemmal Ca2+ influx through 
the Na+/Ca2+ exchanger [14, 15]. Ultimately, 
these adaptations are accompanied by RV hyper-
trophy, allowing for a net reduction in wall stress 
and increased contractility [16].

 RV Remodeling in Pulmonary Arterial 
Hypertension of Congenital Heart 
Disease

RV tolerance to increased afterload may be seen 
in PAH associated with congenital heart disease 
leading to Eisenmenger syndrome (ES) [17]. In 
such cases, time-dependent adaptations to 
increased load may best be exemplified, with the 
more chronic PAH developed in the setting of ES 
better tolerated than other forms of PAH [18]. 
Left-to-right shunting due to a congenital defect 
in ES ultimately leads to pulmonary vascular 
remodeling, increased PVR, increased RV after-
load, and shunt reversal from right to left. This 
process, which typically occurs over years if not 
decades, yields a considerably better prognosis 
with regard to RV function when compared with 
the development of PAH later in life, at least in 
part due to the early and persistent exposure of 
the right ventricle to afterload [19].

 RV Remodeling in Chronic 
Thromboembolic Hypertension

RV afterload can be described as a combination 
of both resistive and capacitive loads. More spe-
cifically, left atrial pressure, pulmonary vascular 
compliance, and PVR are physiologic compo-
nents of afterload imparted upon the RV.  In 
CTEPH, both proximal and distal vasculopathies 
contribute to elevated RV afterload. As opposed 
to the systemic circulation, the proximal vessels 
in the lung vasculature account for about only 
20% of the vascular compliance, or blood storage 
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capacity of the system [20]. Therefore, proximal 
obstructive lesions, which do not increase PVR, 
also have little impact on vascular compliance 
and pulsatile afterload [21]. Despite this, a few 
recent studies have suggested that proximal 
obstructive lesions may impart an additional load 
by altering the propagation of the pressure wave 
during RV ejection [22, 23]. The potential 
impacts of these findings on RV function are yet 
to be fully elucidated.

Most features of RV remodeling in response 
to increased afterload appear to be common 
between PAH and CTEPH.  A feature of RV 
remodeling unique to CTEPH, however, may 
include RV-LV dyssynchrony (electrical and 
mechanical) [21]. In a prospective MRI study of 
17 CTEPH patients, improvement in RV remod-
eling parameters (reduction in right ventricular 
mass, size, and strain) following surgical pulmo-
nary endarterectomy (PEA) was noted. Following 
PEA, an initial decline in RV function as diag-
nosed by TAPSE is noted, likely due to postop-
erative changes in global heart mass; it 
subsequently improves but is incomplete by 
1 year [24]. Multiple studies performed to date 
evaluated the RV remodeling process by evaluat-
ing RV geometry, RV ejection fraction (EF), and 
RV myocardial deformation in CTEPH patients 
post-PEA.  These studies have noted reverse 
remodeling of the right heart following PEA with 
improvement in RV and RA dimensions, RV 
global longitudinal strain, and RV global circum-
ferential strain. It is important to note that RV-PA 
coupling also improved following PEA but did 
not return to normal [25–30]. Specifically, RV 
reserve remained impaired, driven at least in part 
by chronotropic incompetence [31, 32].

 Assessment of RV Contractility

Echocardiography and cardiac magnetic reso-
nance imaging are valuable noninvasive tools 
capable of providing a global assessment of RV 
systolic function. However, they are limited in 
their ability to assess RV contractility due to the 
load-dependent nature of stroke volume-based 
measures. The gold standard by which RV con-

tractility is characterized is pressure-volume 
(PV) relations obtained through invasive hemo-
dynamic evaluation. Such studies allow measure-
ment of both end-systolic elastance (Ees)—a 
largely load-independent measure of contractil-
ity—and RV afterload, estimated as pulmonary 
arterial elastance (Ea).

 Echocardiography

Due to its relative ubiquity and ease of use, echo-
cardiography is a critical diagnostic tool for the 
evaluation of pulmonary hypertension and RV 
function. It is often the first diagnostic test to iden-
tify and initiate the workup of undifferentiated 
pulmonary hypertension as well as a prognostic 
tool [33, 34]. Nonetheless, it is not without signifi-
cant limitations. The use of tissue Doppler imag-
ing to obtain tricuspid annular plane systolic 
excursion (TAPSE) showed promise as a prognos-
tic marker in an early study of subjects with PAH, 
but subsequent evaluation has revealed less robust 
predictive capacity [35, 36]. In particular, TAPSE 
performed more poorly in predicting outcomes in 
those patients with more advanced symptoms and 
a greater degree of RV dilatation [35]. Other two-
dimensional echocardiography measures of RV 
function include RV fractional area change (short-
ening), which has also been shown to predict sur-
vival [35]. Less commonly employed due to the 
more time-intensive nature of its derivation is the 
RV myocardial performance index, which is a 
composite measure of both systolic and diastolic 
function that may also predict survival [35].

More sophisticated methods of echocardio-
graphic imaging including 3D echocardiography 
longitudinal strain also hold promise. 3D echo-
cardiography is capable of better capturing the 
challenging RV geometry including the right 
ventricular outflow tract. Thus, it allows better 
quantitation of RV function, with established ref-
erence values validated against cardiac MRI- 
derived volume measurements [37]. RV 
longitudinal strain, applied to either 2D or 3D 
echocardiography, offers another method for 
 predicting survival amongst patients with pulmo-
nary hypertension [38].
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 Cardiac Magnetic Resonance Imaging

Although 3D echocardiography has made con-
siderable gains in its ability to reproduce high- 
fidelity RV volumes, cardiac MRI (cMRI) 
remains the gold standard for noninvasive assess-
ment of RV morphology and function. A simple 
assessment of chamber volumes, as well as stroke 
volume obtained by cMRI, possesses prognostic 
value [39]. RV mass has also independently been 
shown to prognosticate outcomes in PAH [40]. 
Beyond simple measurements, indices including 
RV stroke volume/end-systolic volume ratio and 
RV mass/volume ratio offer a further character-
ization of prognosis particularly as it relates to 
therapeutic response and functional impairment 
[41, 42]. Just as with the application of strain 
with echocardiography, cMRI strain offers high- 
fidelity measurement of RV regional myocardial 
deformation. Studies measuring deformation 
using feature tracking have been shown to corre-
late with increasing RV end-diastolic volume and 
impaired diastolic function in chronic pressure 
overload states [43].

cMRI offers additional capabilities, particu-
larly with the utilization of delayed enhancement 
imaging and T1 mapping. Delayed enhancement 
imaging using gadolinium contrast has revealed 
novel applications to both diagnose pulmonary 
hypertension and predict adverse outcomes. 
Specifically, delayed enhancement at the inser-
tion point of the RV strongly associates with ele-
vated mPAP and adverse outcomes in patients 
with PAH [44]. T1 mapping allows diffuse char-
acterization of myocardial tissue and may allow 
sensitive detection of fibrosis in conditions 
including PAH, along with associated other mea-
sures of interest like end-diastolic stiffness [43].

 Pressure-Volume Loops

 End-Systolic Elastance as a Measure 
of RV Contractility
Whereas echocardiography and cMRI offer 
detailed quantification of chamber sizes and mea-
sures of RV performance, their assessment is 
indirect and affected by loading conditions. The 

gold standard for characterizing RV function, and 
more specifically RV contractility, is through 
pressure-volume (PV) relations. Based on the 
observation that the LV stiffens and relaxes pre-
dictably during the cardiac cycle, it was deter-
mined that ventricular elastance was conserved 
and independent from the load [45]. Thus, when 
a family of PV loops is produced during preload 
reduction, a linear regression line (or “iso-
chrone”) can be fit connecting the pressure- 
volume points on each loop and at the same time 
from the onset of the cardiac cycle. The intercept 
of the regression line with volume at a time t rep-
resents V0(t), the slope of each regression line is 
the time-varying elastance ((E)t), and the iso-
chrone with the greatest slope (maximum ratio of 
end-systolic pressure (ESP) to end-systolic vol-
ume (ESV)) represents the maximum elastance 
(Emax) [45, 46]. While this approach was first 
described in the left ventricle, there was subse-
quent adoption for the RV [47] (Fig.  9.1). This 
method has two significant limitations, however.

Because the time to reach end systole varies 
depending on load, the isochrone with maximal 
slope does not necessarily fit the outer boundary 
of the family of PV loops (where, as described 
above, the points on each loop were connected at 
the same time point from the onset of the cardiac 
cycle). Rather, to find the maximum elastance, 
the maximal ratio of pressure and volume is 
determined for each loop independent of cardiac 
cycle timing. An approach connecting the points 
of end systole rather than at a specific time in the 
cardiac cycle allows the end-systolic pressure- 
volume relationship (ESPVR) slope to be calcu-
lated, and this slope represents end-systolic 
elastance (Ees) [48] (Fig. 9.2). V0, in this method 
independent of time, is determined based on the 
volume intercept of the isochrone associated with 
the maximum pressure/volume ratio [48]. Ees, 
then, represents a similar but different measure 
than Emax, accounting for the effects of load on 
the duration of systole and providing a more 
accurate assessment of contractility in a rela-
tively load-independent fashion.

Though clearly the gold standard for the 
assessment of ventricular function, multi-beat 
PV relation (Fig. 9.3a) is not suitable for clinical 
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practice given its complexity and requirement for 
specialized equipment. Consideration for simpler 
methods that would allow calculation of Ees led to 
the concept that a single heartbeat might be suf-
ficient [49]. While initially tested and validated in 
the left ventricle [50, 51], a subsequent study 
revealed that Ees can also be estimated for the RV 
in a single-beat method, Brimioulle and col-
leagues championed a similar approach for the 
RV [52, 53]. By fitting a sine curve to the isovolu-
mic portions of the RV pressure tracing, Pmax is 
determined (Fig.  9.3b). Pmax is the theoretical 
pressure that the RV could generate if ejecting 
into the infinite load. Pmax can then be paired with 

EDV, and the slope of the line through (Pmax, 
EDV) and (ESP, ESV) represents Ees(sb) 
(Fig.  9.3c). In the Brimioulle study, Pmax com-
pared favorably to maximal RV pressure gener-
ated during acute occlusion of canine pulmonary 
arteries. However, the use of the single-beat esti-
mate for diagnostic and prognostic purposes has 
yielded mixed results [54–58].

Inuzuka and colleagues did not find a strong 
correlation between Ees(sb) and Ees derived from 
multi-beat measures, although the correlation 
was better in subjects with lower Ees [55]. A more 
recent evaluation showed a good correlation with 
multi-beat-derived measures of contractility in a 
study of patients with predominant PAH (36 with 
PAH, 2 with CTEPH) [56]. Compared with the 
Inuzuka cohort, the Richter cohort had lower 
resting RV function. Although the Richter study 
also found that single-beat measures of contrac-
tility and RV-PA coupling were associated with 
time to clinical worsening, two prior studies had 
failed to illustrate similar prognostic value [57, 
58].

One significant challenge of the SBE approach 
is the selection of the isovolumic periods on the 

Fig. 9.1 Isochronal data points and the calculated regres-
sion lines for a set of isovolumetric (upper panel) and 
ejection (lower panel) beats. (Reproduced from Maughan, 
W. L., Shoukas, A. A., Sagawa, K., & Weisfeldt, M. L. 
(1979). Instantaneous pressure-volume relationship of the 
canine right ventricle. Circ Res, 44(3), 309–315. https://
doi.org/10.1161/01.res.44.3.309)
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Fig. 9.2 A comparison of mean pressure-volume rela-
tionship (MPVR) ignoring V0 (dotted lines) and the end- 
systolic pressure-volume relationship (ESPVRREF) (solid 
line). MPVR varies with each loading condition. The four 
MPVR points (xs) are used to calculate the ESPVRREF. 
The volume-axis intercept (V0) derived from this first 
approximation is then used to determine the end-systolic 
P–V points (solid dots) and a new ESPVRREF is deter-
mined. The iterative process is repeated until V0 does not 
change. (Reproduced from Kono, A., Maughan, W.  L., 
Sunagawa, K., Hamilton, K., Sagawa, K., & Weisfeldt, 
M.  L. (1984). The use of left ventricular end-ejection 
pressure and peak pressure in the estimation of the end- 
systolic pressure-volume relationship. Circulation, 70(6), 
1057–1065. https://doi.org/10.1161/01.CIR.70.6.1057)
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RV pressure tracing, where inclusion or exclu-
sion of a single time point can dramatically 
impact the calculated Pmax. One study has sug-
gested a second derivative approach to minimize 
interobserver variability in the estimation of iso-
volumic pressure [59].

 Pulmonary Arterial Elastance 
as a Measure of Afterload
Pulmonary arterial elastance (Ea) represents a 
merging of the resistive and pulsatile components 
of afterload. While generally accepted as a reli-
able measure of afterload, Ea is not a direct mea-
sure of ventricular wall stress nor is it as 
comprehensive as pulmonary artery input imped-

ance, the latter of which requires simultaneous 
measures of pressure and flow [18]. Consolidation 
of arterial load into arterial elastance utilizing a 
three Windkessel model was proposed in the 
mid-1980s [16]. Here, Ea was a parameter that 
included total mean resistance, systolic and dia-
stolic time intervals, and diastolic pressure decay 
time constant τ (tau) [60]. Again, these models 
were initially studied in the context of the LV and 
systemic circulation but subsequently tested and 
validated to evaluate RV-PA interactions [61, 62]. 
Kelly and Kass determined that the Windkessel 
Ea could be approximated by taking the ratio of 
end-systolic pressure to stroke volume (ESP/SV) 
obtained via PV loop [63]. Conveniently, ESP/
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Fig. 9.3 Single-beat and multi-beat estimates of 
ESPVR and end-diastolic PV relationships (EDPVR). 
(a) PV loops during preload reduction. ESPVR is 
derived by connecting end-systolic points; its slope is 
the Ees. EDPVR, which is curvilinear, is defined by fit-
ting end-diastolic points. (b, c) Single-beat estimation of 
ESPVR using Brimioulle and colleagues’ method. Peak 
isovolumetric pressure (Pmax) was extrapolated by fitting 
a sine curve to the isovolumetric portions of the RV pres-
sure tracing. (c) A straight line is used to connect Pmax to 
the RV PV diagram to form the ESPVR line; its slope is 

Ees. A line connecting the end-systolic point to end dias-
tole is also drawn; its slope Ea. (d, e) Single-beat estima-
tion of EDPVR. (d) End-diastolic volume (EDV) is 
combined with end-diastolic pressure (EDP), and end- 
systolic volume (ESV) is combined with beginning- 
diastolic pressure (BDP). (e) Fitting of a nonlinear 
expositional curve through the derived points. 
(Reproduced from El Hajj MC, Viray MC, Tedford 
RJ.  Right Heart Failure: A Hemodynamic Review. 
Cardiol Clin. 2020;38(2):161–73)
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SV provides pressure as a function of volume 
(mmHg/ml), the same units as Ees, allowing com-
parison of a ratio of elastances, Ees/Ea, to charac-
terize RV-PA coupling [18].

Ea, when estimated as ESP/SV, can be calcu-
lated noninvasively [10, 64, 65]. In the absence 
of pulmonary vascular pathology, the RV ejects 
into a low-impedance circuit and pressure falls 
throughout ejection (Fig. 9.4a). Therefore, ESP 
is best estimated as mean pulmonary artery 
pressure (mPAP) [66]. However, in even mild 
PAH, pressure rises throughout ejection and 
peaks near end systole (Fig.  9.4b). Therefore, 
RV systolic pressure or systolic pulmonary 
artery pressure is a better estimate of ESP than 
mPAP [67, 68]. Two studies have demonstrated 
that the use of mPAP underestimates ESP in the 
setting of PH [69, 70]. More importantly, the 
Ees/Ea (RV-PA coupling ratio) is significantly 
overestimated [68, 69].

 Preload Recruitable Stroke Work 
as a Measure of Contractility
Another metric that describes intrinsic cardiac 
function is preload recruitable stroke work 
(PRSW). PRSW, denoted as Msw, can be obtained 
via a ventricular function curve by plotting RV 
performance (stroke work) against preload 
(EDV). When RV contractility is increased, the 
stroke work versus preload relationship shifts 
upward, and when contractility is decreased the 
opposite occurs. Measuring PRSW also requires 
a family of PV relationships over a range of vol-
umes just as with Ees. Some studies have sug-
gested that the PRSW relationship is more linear 
and more load insensitive than Ees as a measure of 
RV contractility [71]. A single-beat approach has 
also been developed [55]. Despite the favorable 
characteristics of Msw, the inability to couple it to 
afterload with similar units makes describing 
RV-PA coupling more difficult.
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Fig. 9.4 (a) Normal pulmonary circulation-right ventric-
ular (RV) pressure declines throughout ejection, RV sys-
tolic pressure overestimates end-systolic pressure, and 
end-ejection volume may be lower than end-systolic vol-
ume. Effective arterial elastance (Ea) estimated using sys-
tolic pulmonary artery pressure (solid black line) likely 
overestimates RV afterload. Gray dashed line represents 
Ea estimated using mean pulmonary artery pressure and 
end-ejection volume. (b) Pulmonary hypertension-RV 
pressure rises throughout ejection and peaks at end sys-

tole. End-ejection and end-systolic volume are similar. Ea 
(solid black line) is a better representation of total RV load 
than Ea (dashed gray line). (Reproduced from Tedford, 
R.  J., Hsu, S., & Kass, D. A. (2020). Letter by Tedford 
et  al Regarding Article, “Effective Arterial Elastance in 
the Pulmonary Arterial Circulation: Derivation, 
Assumptions, and Clinical Applications”. Circulation. 
Heart failure, 13(5), e007081. https://doi.org/10.1161/
circheartfailure.120.007081)

9 Right Ventricular Response to Pulmonary Arterial Hypertension and Chronic Thromboembolic…

https://doi.org/10.1161/circheartfailure.120.007081
https://doi.org/10.1161/circheartfailure.120.007081


144

 Alterations in RV Contractility 
and Ventricular-Arterial Coupling 
in PAH and CTEPH

Assessment of the interaction between the right 
ventricle and its afterload—described as RV-PA 
coupling—is critical to the characterization of 
RV function and prognostication in PAH and 
CTEPH.

 Pressure-Volume Loop Evaluation 
of RV-Pulmonary Arterial Coupling

In PAH, homeometric adaptation, hypertrophy, 
and associated remodeling lead to increased 
 contractility allowing maintenance of “coupling” 
early on, with Ees increasing as Ea also rises. The 
normal ratio between these values for the left 
(and right) ventricle is generally agreed to be 
between 1.5 and 2.0 [16]. A more recent evalua-
tion of the RV in an animal model has identified 
that maximal RV stroke work occurs at an Ees/Ea 
ratio of around 1.0, with uncoupling occurring 
around 0.7 [72].

A falling Ees/Ea reflects this uncoupling of 
RV-PA interactions, with afterload outstripping 
the ability of the RV to adapt. Filling pressures 
rise and the clinical syndrome of RV failure 
develops. The reason for the failure of homeo-
metric adaptation in certain individuals and not 
others, as well as timing, remains unclear. 
However, RV uncoupling may be seen earlier 
than clinical RV failure before the morphologi-
cal changes seen in the RV manifest as ven-
tricular dilation and reduced mass/volume ratio 
[43].

 RV-PA Coupling Predicts Outcomes 
in PAH

Two recent studies are the first to show the prog-
nostic value of multi-beat measures of RV-PA 
coupling. The first study found multi-beat Ees/Ea 
with an optimal cut point of 0.7 to be an indepen-
dent predictor of time to clinical worsening 
defined as a reduction in 6-min walk test dis-

tance, worsening functional class, or clinical 
deterioration requiring hospital admission [56]. 
These findings correlated with prior data from 
the same group that had suggested an Ees/Ea cut-
off of 0.805 to be associated with the onset of RV 
failure characterized by increased RV volumes 
and RV ejection fraction <35% [73]. The second 
study, which included subjects with more pre-
served RVEF (mean 49%), found a similar Ees/Ea 
ratio (0.65) to discriminate subjects with clinical 
worsening [74]. Traditional measures of RV 
function and volume were not different between 
groups.

 Echocardiography Evaluation 
of RV-Arterial Coupling

Several echocardiographic approaches have been 
taken to develop imaging surrogates describing 
RV-arterial coupling. In one approach, the ratio 
between TAPSE/RV end-systolic area was taken 
to equal contractility while PASP/SV was taken 
to equal afterload. The ratio, then, of TAPSE/
PASP was used to describe RV-arterial coupling 
in a study of patients with heart failure [75]. 
TAPSE/PASP ratio has been shown to correlate 
modestly with invasive measures of RV-PA cou-
pling as well as functional class and other clinical 
markers [76, 77].

 cMRI Evaluation of RV-PA Coupling

Methods attempting to avoid any (invasive) 
catheter- derived measurements to assess RV-PA 
coupling have been attempted. If Ees  =  (ESP, 
ESV − V0), and Ea = (ESP/SV), Ees/Ea simplifies 
to (SV/ESV − V0). If one can assume that V0 is 
negligible, then Ees/Ea would equal SV/ESV 
[78]. Although this method is appealing and has 
prognostic value, the assumption that the vol-
ume of an unloaded right ventricle (V0) is mini-
mal is incorrect [79]. Indeed, several studies 
have shown that this approach underestimates 
Ees [80–82]. One more recent study has sug-
gested that V0 may be estimated as 
−50.01 + 0.7 × ESV, though this requires addi-
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tional validation [56]. It is also important to 
realize that SV/ESV is mathematically related 
to RVEF [79]. However, because of the larger 
physiological range and greater sensitivity to 
change resulting from its nonlinear relationship 
to RVEF (Fig.  9.5), SV/ESV may be a better 
predictor of outcome [79].

 RV-PA Coupling and Disease

The specific circumstances leading to uncoupling 
in some individuals but not others with similar 
comorbidities remain an area of active investiga-
tion. Nonetheless, several studies have attempted 
to characterize RV-PA coupling in specific dis-
ease states or syndromes.

 RV-PA Coupling in Idiopathic PAH 
and Systemic 
Sclerosis-Associated PAH

Patients with systemic sclerosis (SSc)-associated 
PAH are known to have worse survival than indi-
viduals with idiopathic PAH.  Several studies 
have now shown impairments in RV contractility 
(Fig.  9.6), RV-PA coupling, and RV reserve in 
SSc-PAH compared with IPAH [81, 82]. 
Although some have suggested reduced hyper-
trophy for a given level of afterload [83], larger 
studies have not supported this observation [84]. 
Global RV contractile deficits have been attrib-
uted to a myofilament abnormality in the SSc-
PAH group [12]. Maximal force generation from 
isolated, skinned myocytes (obtained from RV 
septal biopsies) has confirmed a deficit in the 
myocyte contractile apparatus (Fig.  9.7). 
Importantly force-calcium measures from these 
single myocytes obtained from the RV septum 
correlated well with global measures of RV 
contractility.

Perhaps just as interesting, IPAH subjects had 
supercontractile force generation compared with 
controls, which correlates with increased global 
Ees. This increase in Ees and myocyte contractility 
seems to be preserved even in end-stage disease 
[85]. This would suggest afterload as the primary 
culprit in RV-PA uncoupling.

 RV-PA Coupling in Congenital Heart 
Disease

Under the umbrella of PAH related to congenital 
heart disease are a wide range of underlying 
pathology, anatomical insults, and surgical inter-
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Fig. 9.5 (a) Nonlinear relationship between right ven-
tricular ejection fraction (RVEF) and stroke volume (SV) 
to end- systolic volume (ESV). The gray region shows the 
pulmonary hypertension RVEF range (0.15–0.60) and the 
red line shows the RVEF and corresponding SV/ESV cut-
off value that is predictive of outcomes. (b, c) Nonlinear 
relationship between ventricular volumes (end-diastolic 
volume (EDV) and ESV) and RVEF and SV/ESV at a 
given SV. As RVEF and SV/ESV decrease, to maintain 
stroke volume ventricular volumes have to increase or 
there needs to be changes in contractility. The red line 
shows the RVEF and corresponding SV/ESV cutoff value 
that has been shown to be predictive of outcomes. 
(Reproduced from Vanderpool RR, Rischard F, Naeije R, 
Hunter K, Simon MA. Simple functional imaging of the 
right ventricle in pulmonary hypertension: Can right ven-
tricular ejection fraction be improved? Int J Cardiol. 
2016;223:93–4)
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ventions. Nonetheless, specific conditions have 
provided unique insights into the ways that the 
RV may adapt in the setting of increased load. A 
study of subjects who had undergone surgical 
repair of tetralogy of Fallot (TOF) and who had 
developed subsequent RV dilatation was under-
taken using pressure-volume loops at baseline 
and with inotrope (dobutamine) infusion. While 
there was an increase in Ees with inotrope infu-
sion, RV-PA coupling remained significantly 
impaired. Interestingly, uncoupling appeared to 
be related to the type of repair that subjects had 

undergone, with transannular patch repair associ-
ated with greater uncoupling in response to dobu-
tamine compared with a transatrial approach 
[86]. In a separate retrospective study, adults with 
TOF with at least moderate pulmonary regurgita-
tion and preserved RV ejection fraction were 
compared to propensity-matched adults with nor-
mal RVEF. RV-PA coupling was assessed using 
the echo-derived method outlined by Guazzi 
et al. RV-PA coupling was significantly lower in 
the group with TOF despite both groups having 
normal RVEF [87].
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Fig. 9.6 Right ventricular (RV) pressure-volume loops in 
six patients, three with (a) idiopathic pulmonary arterial 
hypertension (IPAH) and three with (b) systemic sclerosis- 
associated pulmonary artery hypertension (SSc-PAH). 
Steady-state loops (left) in both cohorts show RV pressure 
rising throughout ejection and peaking at end systole, 
consistent with increased RV afterload from PAH.  The 
black dot identifies the end-systolic pressure-volume 
point, and the dashed line mean loop width (stroke vol-
ume). Ea was determined by the ratio of end-systolic pres-
sure to SV.  In the loops generated during Valsalva 

maneuver (right), the data are all shifted upward because 
of the rise in intrathoracic pressure, but while this is held, 
phase 2 of the Valsalva maneuver results in a beat-to-beat 
decline in filling volume and various PV relations includ-
ing the end-systolic pressure-volume relationship (black 
line). The slope is end-systolic elastance (Ees). 
(Reproduced from Tedford RJ, Mudd JO, Girgis RE, et al. 
Right ventricular dysfunction in systemic sclerosis associ-
ated pulmonary arterial hypertension. Circulation Heart 
Fail 2013; 6: 953–963)
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 RV-PA Coupling in CTEPH

In chronic thromboembolic disease (CTED), 
RV-PA coupling has been compared amongst 
individuals with and without associated pulmo-
nary hypertension. In a study employing MRI- 
validated volumes and conductance 
catheter-derived PV loops, both Ees and Ea were 
noted to be lower in the CTED group compared 
with CTEPH.  However, RV-PA coupling was 
reduced only in those with CTEPH [88]. 
Subsequent confirmed similar findings, though 
with a small proportion of patients with CTED, 
were also found to have impaired RV-PA cou-
pling consistent with occult RV dysfunction [72].

 Sex Differences in RV-PA Coupling

Amongst patients with IPAH, women tend to 
have comparatively higher RV ejection fractions 
than men, suggesting the possibility that sex- 
dependent differences in RV contractility and 
RV-PA coupling might exist [89]. In a prospec-
tive study of subjects with PAH or CTEPH which 

assessed RV function by multi-beat RV-PA cou-
pling [90], female subjects had significantly 
higher Ees and Ees/Ea than male patients. Measures 
of diastolic function and RV mass index were 
also lower in female subjects. The mass/volume 
ratio in female subjects, however, did not differ 
from males, which has previously been associ-
ated with clinical worsening in PAH [41]. 
Collectively, these findings suggest that female 
patients with PAH may have higher contractility 
and more preserved RV-PA coupling than males, 
which might explain the superior survival seen in 
female patients with PAH [89].

 RV Reserve

The capability of the ventricle to augment con-
tractility for a given degree of loading can be 
determined using exercise or pharmacologic 
stress testing (such as with dobutamine infusion) 
and is referred to as RV contractile reserve [91]. 
RV contractile reserve may also be associated 
with resting RV-PA coupling, offering a less inva-
sive surrogate [92]. A more recent study 
 comparing patients with IPAH with SSc-PAH 
showed that patients with SSC-PAH were unable 
to augment contractility during submaximal exer-
cise. To maintain stroke volume, the RV dilated 
(heterometric adaptation) resulting in increasing 
RV EDV (and as a result, a decline in RVEF) 
compared with IPAH subjects [82] (Fig.  9.8). 
Beyond its use to evaluate the severity of RV dys-
function, RV reserve may be useful in detecting 
subclinical RV failure in PAH even when resting 
measures of RV function appear normal [93, 94]. 
Finally, RV contractile reserve may provide prog-
nostic value, having been shown to correlate well 
with clinical measures (6-min walk distance, peak 
VO2) as well as survival [95].

 Mechanisms Underlying 
Maladaptive RV Adaptation in PAH

Despite pulmonary vascular disease providing 
the stimulus, it is the adaptation and then decline 
of RV function with concomitant decoupling 
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Fig. 9.7 Force-calcium data were obtained in nonfailing 
control, IPAH, and SSc-associated pulmonary arterial 
hypertension (PAH) myocytes to obtain maximal calcium- 
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Hypertension. Circulation. 2018;137(22):2360–70)
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that determines prognosis in PAH. As described 
previously, different subtypes of PAH have vary-
ing risks for the development of RV failure [96]. 
The response of RV hypertrophy in PAH can 
vary significantly despite similar degrees of 
hemodynamic stress, with progression to RV 
failure difficult to predict [13]. Nonetheless, cer-
tain discrete characteristics identify maladaptive 
RV hypertrophy: fibrosis, eccentric hypertrophy, 
and dilatation as morphologic findings. To date, 
identification of metabolic and energetic changes 
in the failing RV has provided insights into dis-
ease progression that go beyond quantifying the 
degree of RV hypertrophy and aim to pinpoint 
the molecular underpinnings of maladaptive 
remodeling.

 Macro- and Microvascular RV 
Ischemia

RV hypertrophy as an adaptation to increased 
afterload will lead to the generation of elevated 
right ventricular systolic pressures (RVSP). As 
RVSP approaches systemic pressure, there may 
be decreased systolic perfusion of the right coro-
nary artery (RCA). In patients with severe RV 
hypertrophy, the total mean coronary blood flow 
is reduced [97]. In animal models, however, RV 
dysfunction only manifests when perfusion pres-
sure drops below 50 mmHg, suggesting an alter-
native mechanism for ischemia. One explanation 
may be the reduced microvascular coronary cir-
culation, referred to as capillary rarefaction [98]. 
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change in ESV and EDV plotted for each group from 
exercise stage 0–2. SSc-PAH subjects had acutely 
increased ESV and EDV, whereas IPAH subjects main-
tained stable RV volumes with increasing workload 
because of increase in contractility (b) Even though stroke 
volume is concerned due to Frank-Starling mechanism, 

RVEF declined in SSc-PAH vs. IPAH with increasing 
exercise, with a trend towards a decrease during submaxi-
mal exercise (25 W, stage 2). (Reproduced from Hsu, S., 
Houston, B. A., Tampakakis, E., Bacher, A. C., Rhodes, 
P.  S., Mathai, S.  C., et  al. (2016). Right Ventricular 
Functional Reserve in Pulmonary Arterial Hypertension. 
Circulation, 133(24), 2413–2422. https://doi.org/10.1161/
CIRCULATIONAHA.116.022082)
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Such a mechanism might complement the more 
recent findings of Hsu et  al. in explaining RV 
myocyte dysfunction in SSc-PAH [12, 96, 99]. 
Increased reactive oxygen species in the setting 
of decompensated RV hypertrophy may also 
inhibit angiogenesis-promoting factors such as 
hypoxia inducible factor-1α, further impairing 
blood flow and facilitating ischemia [13].

 Metabolic Shifts in the RV 
Myocardium

Whereas typical cardiac metabolism preferen-
tially utilizes fatty acid oxidation as a primary 
source of energy, RV hypertrophy is associated 
with a reliance on glucose metabolism, and in 
general, RV failure is associated with a shift 
from oxidative phosphorylation to aerobic gly-
colysis [100]. Along with increased glycolysis 
comes increased pyruvate, which requires pyru-
vate dehydrogenase (PDH) to funnel towards 
the far more energy (ATP)-productive oxidative 
phosphorylation. With RV hypertrophy, how-
ever, there is increased pyruvate dehydrogenase 
kinase (PDK) expression and activity. PDK 
inhibits PDH and inhibits the formation of ace-
tyl CoA, slowing the citric acid cycle and 
reducing energy production (as well as reduc-
ing O2 consumption) [101]. This metabolic 
switch to less efficient energy production is 
associated with impaired RV contractility as 
well as impaired cardiac output and electrical 
abnormalities [102].

Accompanying the transition to glycolysis is 
an increase in the metabolism of glutamine, 
called glutaminolysis [103]. This metabolic path-
way is also harnessed by cancer cells to facilitate 
rapid cell growth without apoptosis and, in the 
setting of RVH, appears to be caused by capillary 
rarefaction and RV ischemia. The downstream 
effects of glutaminolysis include increased pyru-
vate production and conversion by lactate dehy-
drogenase into lactate. Simultaneously, glucose 
oxidation is inhibited [103]. Further exacerbating 
the attenuated oxidative capacity described, 
mitochondria in RV myocytes appear to be 
reduced in number, and those that remain are 

dysfunctional [104]. Whether this is a cause of 
RV dysfunction or effect is less clear.

Loss-of-function mutation in the bone mor-
phogenetic protein receptor type 2 (BMPR2) 
gene is the most commonly known genetic cause 
of PAH, and it has been observed that the BMPR2 
mutation confers more severe RV dysfunction 
compared with individuals with PAH but without 
BMPR2 mutation [105, 106]. BMPR2, a member 
of the transforming growth factor-beta (TGF-β) 
family, is expressed by cardiomyocytes as well as 
ventricular endothelium [107]. It is generally 
hypothesized that the balance of TGF-beta/BMP 
influences RV adaptation in response to chronic 
load, and in experimental models, BMPR2 muta-
tion can result in an altered hypertrophic response 
to chronic pressure overload [108]. Specifically, 
the mutation was associated with impaired fatty 
acid oxidation and glycolysis with ensuing lipid 
accumulation and lipotoxicity involving the RV 
[108–110]. Further study by other groups has 
identified the presence of increased mRNA 
expression signaling glycolysis and fatty acid 
oxidation pathways in patients with PAH without 
BMPR2 mutation, suggesting impaired compen-
sation in those with BMPR2 mutation, where the 
RV’s metabolic programming is unable to prop-
erly adapt energy production to stress [111].

 Neurohormonal Activation

Just as in left-heart failure, PAH patients with RV 
failure have high levels of circulating catechol-
amines and are unable to augment levels with 
exercise [112]. In addition to decreased inotropic 
response, reduced chronotropic response to exer-
cise along with delayed heart rate recovery has 
also been shown in the failing RV [113]. Likewise, 
the failing RV’s response to inotropic agents tar-
geting beta-adrenergic receptor agonism is atten-
uated, likely due to downregulation of α1, β1, and 
dopamine receptors [112]. It may be that the 
adrenergic response is fully activated in RV fail-
ure, so that infusion of catecholaminergic agents 
may be nearly futile [114]. Such reduction in ino-
tropic reserve is also prognostic, associated with 
poor survival [115]. Further, reduced protein 
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kinase A (PKA) activation by catecholamine 
binding to the β1-adrenoreceptor leads to reduced 
PKA-mediated phosphorylation of proteins 
related to calcium handling and myofilament 
function. This means that in addition to impaired 
systolic function and inotropic reserve, the RV in 
PAH maintains higher diastolic stiffness with 
hypophosphorylation of titin along with increased 
fibrosis [85, 116].

Impaired RV function and alterations in kid-
ney perfusion lead to renin release and resultant 
activation of the renin-angiotensin-aldosterone 
(RAAS) axis. This compensatory response 
becomes persistently activated and is associated 
with both progressive impairment of RV func-
tion and worse prognosis [117, 118]. These 
observations have already been applied in the 
study of pharmacologic neurohormonal block-
ade and renal denervation as potential therapies 
with promising results [119–121]. Specifically, 
pharmacologic parasympathetic stimulation 
with the acetylcholinesterase inhibitor pyr-
idostigmine has been shown to improve RV 
function, reduce pulmonary vascular remodel-
ing, and improve survival in an animal model of 
experimental PH [122].

 Metabolic Syndrome and RV 
Remodeling

An emerging area of study is in the relationship 
between insulin resistance and PAH as it pertains 
to RV function. Building on animal studies sug-
gest that metabolic syndrome (hypertension, ele-
vated triglyceride levels, low high-density 
lipoproteins, obesity, and hyperglycemia) may be 
linked with pulmonary vascular disease. 
Apolipoprotein E (ApoE), for example, is thought 
to be protective in vascular disease as it reduces 
oxidized low-density lipoproteins in the blood 
but has reduced expression in lung tissue from 
patients with PAH. In mice deficient in ApoE, a 
high-fat diet can lead to the development of pul-
monary hypertension. Just as reduced ApoE 
expression appears to facilitate pulmonary hyper-
tension, other mediators such as peroxisome 
proliferator- activated receptor γ (PPARγ, the 

 target of glitazone agents for diabetes mellitus) 
are regulators of glucose metabolism and adipo-
genesis that has reduced expression in PAH [123, 
124]. These findings have prompted animal stud-
ies that showed mice fed a Western diet (high-fat 
content) developed insulin resistance and RV 
hypertrophy, elevated RVSP, and increased myo-
cardial lipid accumulation that disproportionally 
got deposited in the RV. In a subset of mice who 
also underwent pulmonary artery banding to sim-
ulate RV pressure overload, those mice with 
banding plus a Western diet developed more RV 
hypertrophy, increased lipid deposition, lower 
RV ejection fraction, and RV diastolic dysfunc-
tion [125, 126]. A recent single-center study of 
metformin in patients with PAH was completed, 
evaluating RV function by echo, metabolomic 
analysis, and MR spectroscopy for RV triglycer-
ide content, and clinical endpoints including 
6-min walk distance. Although metformin did not 
impact 6-min walk distance, RV fractional area 
change was significantly improved and, in a sub-
set of patients who were specifically evaluated, 
RV triglyceride content was reduced [126]. This 
study opens the door to further investigation of 
metformin and other pharmacologic agents for 
the alteration of metabolic derangements and 
their role in RV functional impairment.

 RV Diastolic Dysfunction in PAH 
and CTEPH

Although the focus has primarily centered on 
systolic function as it relates to RV failure in 
PAH, RV diastolic dysfunction is evident and 
contributes to RV dysfunction and poor outcomes 
[9]. Diastolic stiffness is a product of intrinsic 
chamber stiffness, changing volumes, and altera-
tions in myocyte contractile machinery. RV 
remodeling in an animal model exposed to sus-
tained pressure overload induced by PA banding, 
for example, led to increased RV free wall stiff-
ness, reorientation of collagen fibers and myofi-
brils, and intrinsic stiffness of the fibers [127]. 
Those same changes translated to increased mea-
sures of RV diastolic stiffness during hemody-
namic measurement using a conductance 
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catheter, characterized as end-diastolic elastance 
(Eed) [128]. Changes in phosphorylation patterns 
in the myocyte contractile apparatus also contrib-
ute to titin hypophosphorylation, an increase in 
calcium sensitivity due to hypophosphorylation 
of troponin I, and reduced clearance of diastolic 
Ca2+ due to hypophosphorylation of the sarco-
plasmic reticulum Ca2+ ATPase (SERCA) and 
phospholamban [85, 116, 129]. In these instances, 
myocyte stiffness—rather than interstitial fibro-
sis—was the primary driver of diastolic dysfunc-
tion [129]. Similarly, even with increased 
interstitial fibrosis in subjects with SSc-PAH 
compared with IPAH, there does not appear to be 
significant differences in diastolic function 
between groups [12].

The assessment of RV diastolic function is an 
area of active investigation, with several methods 
examined in recent years. Just as for assessment 
of systolic function, the gold standard for assess-
ment is via multi-beat pressure-volume relations 
with the construction of an end-diastolic pressure- 
volume relationship (EDPVR). Alternative meth-
ods utilizing a single-beat method have also been 
employed (Fig. 9.3d, e), utilizing beginning and 
end-diastolic pressure and cMRI volumetric 
assessment. Noninvasive techniques for the spe-
cific evaluation of RV diastolic stiffness have also 
been developed using cMRI strain. Using feature 
tracking and a ratio of RV longitudinal strain to 
RV end-diastolic volume indexed to body surface 
area, Eed could be estimated in a model of chronic 
pressure overload [43].

 Conclusion

The study of the RV and its response to PAH and 
CTEPH is moving from a broad characterization 
of the remodeling process to understanding the 
circumstances and risk factors that contribute to 
maladaptive remodeling and RV failure. 
Improving diagnostic techniques and evolving 
understanding of distinct pathophysiologic pro-
cesses underlying RV responses to PAH and 
CTEPH will continue to foster the targeted study 
of the characteristics that define a transition from 
adaptive to maladaptive adaptations in distinct 

disease states. With the discovery of such 
pathomechanisms, so too will come new thera-
peutic targets.
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Left-Heart Failure and Its Effects 
on the Right Heart

Stefano Ghio

 Introduction

The neglected role of the right ventricle in left- 
heart failure is a never-ending story. For decades, 
cardiologists have largely underestimated the 
role of the right ventricle in heart failure (HF), 
based on the misconception that this heart 
chamber simply plays a passive role in 
maintaining cardiac output. It goes without 
saying that this view was completely wrong. 
However, now that clinicians agree that right 
ventricular (RV) systolic dysfunction is a robust 
marker of poor prognosis in patients with chronic 
heart failure, there is yet another overlooked 
topic, namely the causes of right-heart 
dysfunction.

Understanding the determinants of RV dys-
function in left-heart failure patients is extremely 
important both from a clinical and a research 
point of view. RV dysfunction, in particular when 
it is combined with pulmonary hypertension 
(PH), is a challenge for clinical cardiologists, 
since it is associated with dismal prognosis and 
limited efficacy of conventional medical treat-
ments. This is one of the reasons why off-label 
use of specific drugs for pulmonary arterial 
hypertension is quite widespread in clinical prac-
tice in such patients, despite the fact that random-

ized clinical trials provide no evidence of their 
efficacy. Ultimately, mechanistic research that 
uncovers the pathophysiology and causes of 
right-sided heart failure is critical to better strat-
ify prognosis, to target unique and specific medi-
ators of RV dysfunction, and, therefore, possibly 
to develop more effective therapeutic strategies 
in patients with left-heart failure.

To this aim, there is no doubt that we have to 
address heart failure with reduced ejection frac-
tion (HFrEF) and heart failure with preserved 
ejection fraction (HFpEF) separately. This is 
because HFrEF and HFpEF may exhibit a similar 
pulmonary hemodynamic profile and similar out-
comes but are characterized by important differ-
ences in the underlying clinical causes, in 
comorbidities, in triggers and in molecular path-
ways for pulmonary vascular injury, and, finally, 
also in type and extent of remodeling of the left 
and the right ventricular chambers.

 Causes of Right-Heart Dysfunction 
in HFrEF Patients

The commonly held concept is that RV dysfunc-
tion in left-heart failure is associated with elevated 
pressures in the pulmonary circulation. This 
hypothesis has a sound pathophysiological back-
ground since, due to its peculiar anatomic charac-
teristics, the RV cannot easily tolerate pressure 
overload [1, 2]. In fact, since the year 1980s, sev-
eral clinical studies have shown that the increase 
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in pulmonary pressure is inversely related with 
RV function and global cardiac performance [3–
6]. Molecular biology also supports the hypothe-
sis that PH is a primary cause for myocardial 
contractile failure of the right ventricle: the integ-
rity of the amino (N)-terminus of dystrophin (a 
protein which plays a key role in the transduction 
of physical forces in the striated muscle) is dis-
rupted both in the left and in the right ventricle of 
end-stage HF patients and unloading the left ven-
tricle via a LV assist device ameliorates the car-
diac structure both in the left and in the right 
ventricle [7]. However, in addition to pulmonary 
hypertension, there are several other mechanisms 
which may contribute to determining the develop-
ment of RV dysfunction in patients with HFrEF, 
and more than one mechanism can obviously con-
tribute in individual patients. Myocardial isch-
emia or infarction may frequently involve both 
ventricles. In patients without ischemic heart dis-
ease, the same cardiomyopathic process may 
simultaneously affect both the left and the right 
ventricles. As a matter of fact, whether the genetic 
background influences the right ventricular phe-
notype in patients with dilated cardiomyopathy is 
not yet known, but it has been observed that des-
mosomal protein gene mutations, currently 
regarded as synonymous with another disorder, 
arrhythmogenic right ventricular cardiomyopa-
thy, are also quite common in patients with HFrEF 
[8]. Finally, the absence of active atrial contrac-
tion in patients with atrial fibrillation (as well as in 
patients overtreated with diuretic drugs) might 
determine an excessive reduction in right ventric-
ular preload and may be a possible cause of RV 
dysfunction.

To our knowledge, a single large multicenter 
study was specifically designed to evaluate the 
clinical and echocardiographic correlates of RV 
dysfunction and whether they differ among 
patients having HFrEF, or HFmrEF, or HFpEF 
[9]. This study had two main limitations: first, 
RV function was evaluated by means of the 
simple echocardiographic measure of TAPSE, 
and second, PH was defined on the basis of a 
Doppler echocardiographic estimate of 
pulmonary artery systolic pressure (PASP) 
rather than on the invasive evaluation of mean 
pulmonary pressure as recommended by 

international guidelines [10]. However, within 
these limits, the results are interesting to 
discuss. In this study the first parameter 
correlating with RV dysfunction was left 
ventricular systolic function itself: HFrEF 
patients had a more than threefold increased 
risk of having a reduced TAPSE. This may be 
explained considering that the right and the left 
ventricles share the same visceral cavity (the 
pericardium), have common myofibers, and 
strong ventriculo–ventricular interactions that 
have been well demonstrated in isolated 
ventricles; therefore, the mere presence of LV 
dysfunction may be associated with some 
degree of RV dysfunction [11, 12]. In addition, 
ischemic etiology was associated with a greater 
risk of RV dysfunction in HFrEF patients. 
Previous smaller, single-center studies yielded 
discrepant results on this topic; however, it is 
clinically common to observe large myocardial 
infarctions causing heart failure which involve 
the left and the right ventricles [13–15]. The 
role of pulmonary hypertension as a determinant 
of RV dysfunction in HFrEF did not emerge 
clearly in this study. An elevated PASP at 
Doppler echocardiography was not 
independently associated with a greater risk of 
RV dysfunction. A substantial proportion of 
HFrEF patients had a reduced TAPSE even in 
the absence of high pulmonary pressures. This 
observation might be explained considering the 
limitations of the noninvasive echocardiographic 
definition of PH used in the study. In contrast, a 
restrictive LV filling pattern (which is a robust 
echocardiographic indicator of elevated 
pulmonary artery wedge pressure in HFrEF 
patients) was significantly associated with RV 
dysfunction, thus highlighting the importance 
of retrograde transmission of elevated diastolic 
left ventricular pressure to the pulmonary 
circulation as a mechanism of RV dysfunction. 
Atrial fibrillation and permanent RV pacing 
were strongly related to RV dysfunction in 
HFrEF, in agreement with previous suggestions 
that the mechanical function of the atria and 
ventricles is closely coupled on the right side of 
the heart and with the results of a large study in 
heart failure outpatients [16–18].
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 Causes of Right-Heart Dysfunction 
in HFpEF Patients

Although it is now agreed that RV dysfunction is 
highly prevalent in patients with HFpEF, the 
underlying pathways that lead to RV dysfunction 
in HFpEF are far less clear than in HFrEF [19–
25]. There are several reasons to hypothesize that 
the determinants of RV dysfunction in HFpEF 
may be different from those in HFrEF.  HFpEF 
and HFrEF are characterized by important 
differences in the underlying clinical causes. In 
HFpEF, most cases are associated with common 
cardiac risk factors such as hypertension, 
diabetes, renal disease, obesity, and aging, 
whereas a few cases are due to specific infiltrative 
disorders wherein the myocardial architecture 
and function are altered by excess accumulation 
of either abnormal proteins, glycosphingolipids, 
glycogen, or other substances [26].

It is essential to identify these specific forms 
of HFpEF since they may possibly benefit of 
disease-specific therapies. In younger individuals 
(<30 years of age), HFpEF is most frequently due 
to genetic disorders that cause increased fibrosis 
and/or abnormal deposition of iron, proteins, or 
glycogen. In older adults, the most common 
cause is cardiac amyloidosis, which was 
previously considered a rare disease, but it is 
recently considered an underestimated condition, 
deserving full attention as an important 
differential diagnosis in patients with HFpEF 
[27].

Triggers and molecular pathways for pulmo-
nary vascular injury are also substantially differ-
ent between HFrEF and HFpEF, despite the fact 
that the hemodynamic definition of PH is the 
same in both conditions [28]. The hemodynamic 
drivers for PH-HFrEF are LV dilatation, 
secondary mitral regurgitation, and left atrial 
enlargement. Predominant mechanisms in PH 
HFpEF are diastolic stiffness, atrial myopathy 
(making patients more susceptible to evolve to 
AF), and LA functional MR.  Vascular stress 
failure and remodeling similarly affect veins, 
capillaries, and small arteries, in HFrEF and 
HFpEF patients, but a main differential trait is the 
metabolic injury superimposed to the pressure- 

induced one, typical of HFpEF with metabolic 
syndrome [29].

Concerning the causes of right-heart dysfunc-
tion in HFpEF, most studies have observed a 
strong, significant association between pulmo-
nary hypertension and an increased risk of 
reduced RV function in HFmrEF and HFpEF 
patients [9, 20–24]. In HFmrEF and HFpEF 
patients the prevalence of a reduced TAPSE was 
negligible when PASP was normal, in contrast to 
HFrEF patients in whom a reduced TAPSE could 
be observed even in the absence of high 
pulmonary pressures. If confirmed, this 
observation could be extremely relevant for 
researchers, as it would indicate that PH-HFpEF 
patients could be the ideal candidates to be 
included in trials testing the efficacy of specific 
pulmonary vasodilator therapy in PH due to left- 
heart failure [30].

Atrial fibrillation is strongly related to RV 
dysfunction in HFpEF.  This association is also 
observed in HFrEF, but there is a peculiar 
difference between HFpEF and HFrEF. In HFpEF 
patients, long-standing AF may determine 
marked right atrial dilatation and increase in 
diameter of the tricuspid annulus, thus leading to 
severe functional tricuspid regurgitation [31, 32]. 
The RV volume overload caused by tricuspid 
regurgitation may in turn favor the onset or the 
worsening of right-heart failure [33, 34].

 Gaps in Evidence and Perspectives

The prevalence and the prognostic significance of 
RV dysfunction in different types of left-heart 
failure are quite variable in the literature, possibly 
because the inclusion criteria were different 
among studies and not always a precise 
differentiation between HFrEF, HFmrEF, and 
HFpEF was applied.

There is no agreement on which imaging tech-
nique should be used to evaluate RV function in 
such patients. Cardiac magnetic resonance is the 
gold standard to evaluate RV structure and func-
tion; however we should agree that the simpler, 
more widespread, and less expensive echocardio-
graphic examination could be routinely used in 
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the follow-up of heart failure patients. As a mat-
ter of fact, repeated Doppler echocardiographic 
examinations, despite the limitations of the tech-
nique, allow to obtain relevant clinical and prog-
nostic information in the follow-up of HFrEF 
patients [35]. If we decide to use echocardiogra-
phy, we are left with the fact that there is no 
agreement on which are the best echocardio-
graphic parameters to evaluate the function of the 
right ventricle. If we privilege simplicity, tricus-
pid annular plane systolic excursion (TAPSE) 
and its normalization for pulmonary artery sys-
tolic pressure (TAPSE/PASP) should be pre-
ferred. However, there are several suggestions in 
the literature in favor of the use of other echocar-
diographic modalities to assess RV structure and 
function. It is unfortunate that we still do not 
know whether and in which cases the measure of 
global RV strain or of three- dimensional echo-
cardiography should be used to allow a better risk 
stratification or a better understanding of RV 
pathophysiology in left- heart failure patients.

Most importantly, rather than focusing on 
the search of the best echocardiographic indica-
tor, we should realize that the assessment of 
ventricular function using imaging is limited by 
the load dependency of all parameters assessing 
cardiac motion, whether they are volume based 
as ejection fraction, or area based as fractional 
area change, or single plane based such as 
TAPSE; in all cases the presence of significant 
atrioventricular valve regurgitation leads to an 
overestimation of the systolic function of the 
ventricular chamber. Therefore, the degree of 
tricuspid regurgitation must always be taken 
into account when evaluating RV function. 
Unfortunately, current parameters used to iden-
tify the pathophysiology and describe the sever-
ity of tricuspid regurgitation lack accuracy and 
need to be redefined [36]. And yet, these simple 
parameters are already capable to improve 
prognostic stratification both in heart failure 
and in pulmonary arterial hypertension [37, 
38]. A prospective, multicenter study enrolling 
a large number of heart failure patients in 
Europe and in other continents, standardizing 
imaging techniques and inclusion criteria, may 

be considered an ambitious project, but for sure 
it would be worthwhile.

Most importantly for clinicians, therapeutic 
options for RV dysfunction and failure are 
strongly limited and even less addressed in the 
context of left-heart failure than in the context of 
pulmonary arterial hypertension. However, a 
number of experimental studies employing 
different animal models for RV dysfunction or 
failure and preclinical data have identified 
beneficial effects of novel pharmacological 
agents, with most promising results obtained 
with modulators of metabolism and reactive 
oxygen species or inflammation [39].

 Conclusions

Knowledge about the role of the right ventricle in 
heart failure patients has historically lagged 
behind that of the left ventricle. Nevertheless, 
even the proportionately limited information on 
the methods to evaluate right ventricular struc-
ture, on its pathophysiologic determinants, and 
on its impact on the outcome in the different 
types of heart failure suggests that the right ven-
tricle is a crucial contributor of these diseases and 
that further understanding of these issues is of 
pivotal importance to improve our possibility to 
treat these patients.

References

 1. Voelkel NF, Quaife RA, Leinwand LA, Barst RJ, 
McGoon MD, Meldrum DR, Dupuis J, Long CS, 
Rubin LJ, Smart FW, Suzuki YJ, Gladwin M, 
Denholm EM, Gail DB. Right ventricular function and 
failure: report of a National Heart, Lung, and Blood 
Institute Working Group on Cellular and Molecular 
Mechanisms of Right Heart Failure. Circulation. 
2006;114:1883–91.

 2. Haddad F, Hunt SA, Rosenthal DN, Murphy 
DJ. Right ventricular function in cardiovascular dis-
ease, Part I: Anatomy, physiology, aging, and func-
tional assessment of the right ventricle. Circulation. 
2008;117:1436–48.

 3. Morrison D, Goldman S, Wright AL, Henry R, 
Sorenson S, Caldwell J, Ritchie J. The effect of pul-
monary hypertension on systolic function of the right 
ventricle. Chest. 1983;84:250–7.

S. Ghio



161

 4. Drazner MH, Hamilton MA, Fonarow G, Creaser J, 
Flavell C, Stevenson LW. Relationship between right 
and left-sided filling pressures in 1000 patients with 
advanced heart failure. J Heart Lung Transplant. 
1999;18:1126–32.

 5. Ghio S, Gavazzi A, Campana C, Inserra C, Klersy 
C, Sebastiani R, Arbustini E, Recusani F, Tavazzi 
L. Independent and additive prognostic value of right 
ventricular systolic function and pulmonary artery 
pressure in patients with chronic heart failure. J Am 
Coll Cardiol. 2001;37:183–8.

 6. Friedberg MK, Redington AN. Right versus left ven-
tricular failure: differences, similarities, and interac-
tions. Circulation. 2014;129:1033–44.

 7. Vatta M, Stetson SJ, Jimenez S, Entman ML, Noon GP, 
Bowles NE, Towbin JA, Torre-Amione G. Molecular 
normalization of dystrophin in the failing left and 
right ventricle of patients treated with either pulsatile 
or continuous flow-type ventricular assist devices. J 
Am Coll Cardiol. 2004;43:811–7.

 8. Elliott P, O’Mahony C, Syrris P, Evans A, Rivera 
Sorensen C, Sheppard MN, Carr-White G, Pantazis 
A, McKenna WJ. Prevalence of desmosomal protein 
gene mutations in patients with dilated cardiomyopa-
thy. Circ Cardiovasc Genet. 2010;3:314–22.

 9. Ghio S, Guazzi M, Scardovi AB, Klersy C, Clemenza 
F, Carluccio E, Temporelli PL, Rossi A, Faggiano 
P, Traversi E, Vriz O, Dini FL, all investigators. 
Different correlates but similar prognostic implica-
tions for right ventricular dysfunction in heart failure 
patients with reduced or preserved ejection fraction. 
Eur J Heart Fail. 2017;19:873–9.

 10. Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang 
I, Torbicki A, Simonneau G, Peacock A, Vonk 
Noordegraaf A, Beghetti M, Ghofrani A, Gomez 
Sanchez MA, Hansmann G, Klepetko W, Lancellotti 
P, Matucci M, McDonagh T, Pierard LA, Trindade PT, 
Zompatori M, Hoeper M, ESC Scientific Document 
Group. 2015 ESC/ERS guidelines for the diagnosis 
and treatment of pulmonary hypertension: the joint 
task force for the diagnosis and treatment of pulmonary 
hypertension of the European Society of Cardiology 
(ESC) and the European Respiratory Society (ERS): 
endorsed by: Association for European Paediatric and 
Congenital Cardiology (AEPC), International Society 
for Heart and Lung Transplantation (ISHLT). Eur 
Heart J. 2016;37:67–119.

 11. Damiano RJ Jr, La Follette P Jr, Cox JL, Lowe JE, 
Santamore WP.  Significant left ventricular contribu-
tion to right ventricular systolic function. Am J Phys. 
1991;261:H1514–24.

 12. Santamore WP, Dell’Italia LJ.  Ventricular interde-
pendence: significant left ventricular contributions to 
right ventricular systolic function. Prog Cardiovasc 
Dis. 1998;40:289–308.

 13. Kjaergaard J, Iversen KK, Akkan D, Møller JE, Køber 
LV, Torp-Pedersen C, Hassager C. Predictors of right 
ventricular function as measured by tricuspid annular 
plane systolic excursion in heart failure. Cardiovasc 
Ultrasound. 2009;7:51.

 14. La Vecchia L, Zanolla L, Varotto L, Bonanno C, 
Spadaro GL, Ometto R, Fontanelli A. Reduced right 
ventricular ejection fraction as a marker for idiopathic 
dilated cardiomyopathy compared with ischemic left 
ventricular dysfunction. Am Heart J. 2001;142:181–9.

 15. Hirose K, Shu NH, Reed JE, Rumberger JA. Right 
ventricular dilatation and remodelling the first year 
after an initial transmural wall left ventricular myo-
cardial infarction. Am J Cardiol. 1993;72:1126–30.

 16. Bazaz R, Edelman K, Gulyasy B, Lopez-Candales 
A.  Evidence of robust coupling of atrioventricular 
mechanical function of the right side of the heart: 
insights from M-mode analysis of annular motion. 
Echocardiography. 2008;25:557–61.

 17. Alam M, Samad BA, Hedman A, Frick M, Nordlander 
R. Cardioversion of atrial fibrillation and its effect on 
right ventricular function as assessed by tricuspid 
annular motion. Am J Cardiol. 1999;84:1256–8.

 18. Damy T, Kallvikbacka-Bennett A, Goode K, Khaleva 
O, Lewinter C, Hobkirk J, Nikitin NP, Dubois-Randé 
JL, Hittinger L, Clark AL, Cleland JG. Prevalence of, 
associations with, and prognostic value of tricuspid 
annular plane systolic excursion (TAPSE) among out- 
patients referred for the evaluation of heart failure. J 
Card Fail. 2012;18:216–25.

 19. Puwanant S, Priester TC, Mookadam F, Bruce CJ, 
Redfield MM, Chandrasekaran K.  Right ventricu-
lar function in patients with preserved and reduced 
ejection fraction heart failure. Eur J Echocardiogr. 
2009;10:733–7.

 20. Melenovsky V, Hwang SJ, Lin G, Redfield MM, 
Borlaug BA.  Right heart dysfunction in heart fail-
ure with preserved ejection fraction. Eur Heart J. 
2014;35:3452–62.

 21. Mohammed SF, Hussain I, Abou Ezzeddine OF, 
Takahama H, Kwon SH, Forfia P, Roger VL, Redfield 
MM. Right ventricular function in heart failure with 
preserved ejection fraction: a community-based study. 
Circulation. 2014;130:2310–20.

 22. Gorter TM, Hoendermis ES, van Veldhuisen DJ, Voors 
AA, Lam CS, Geelhoed B, Willems TP, van Melle 
JP. Right ventricular dysfunction in heart failure with 
preserved ejection fraction: a systematic review and 
meta-analysis. Eur J Heart Fail. 2016;18:1472–87.

 23. Aschauer S, Kammerlander AA, Zotter-Tufaro C, 
Ristl R, Pfaffenberger S, Bachmann A, Duca F, 
Marzluf BA, Bonderman D, Mascherbauer J.  The 
right heart in heart failure with preserved ejection 
fraction: insights from cardiac magnetic resonance 
imaging and invasive haemodynamics. Eur J Heart 
Fail. 2016;18:71–80.

 24. Bosch L, Lam CSP, Gong L, Chan SP, Sim D, Yeo 
D, Jaufeerally F, Leong KTG, Ong HY, Ng TP, 
Richards AM, Arslan F, Ling LH.  Right ventricular 
dysfunction in left-sided heart failure with preserved 
versus reduced ejection fraction. Eur J Heart Fail. 
2017;19:1664–71.

 25. Gorter TM, van Veldhuisen DJ, Bauersachs J, 
Borlaug BA, Celutkiene J, Coats AJS, Crespo-Leiro 
MG, Guazzi M, Harjola VP, Heymans S, Hill L, 

10 Left-Heart Failure and Its Effects on the Right Heart



162

Lainscak M, Lam CSP, Lund LH, Lyon AR, Mebazaa 
A, Mueller C, Paulus WJ, Pieske B, Piepoli MF, 
Ruschitzka F, Rutten FH, Seferovic PM, Solomon SD, 
Shah SJ, Triposkiadis F, Wachter R, Tschöpe C, de 
Boer RA. Right heart dysfunction and failure in heart 
failure with preserved ejection fraction: mechanisms 
and management. Position statement on behalf of the 
Heart Failure Association of the European Society of 
Cardiology. Eur J Heart Fail. 2018;20:16–37.

 26. Madan N, Kalra D.  Clinical evaluation of infiltra-
tive cardiomyopathies resulting in heart failure with 
preserved ejection fraction. Rev Cardiovasc Med. 
2020;21:181–90.

 27. Ihne S, Morbach C, Obici L, Palladini G, Störk 
S. Amyloidosis in heart failure. Curr Heart Fail Rep. 
2019;16:285–303.

 28. Guazzi M, Ghio S, Adir Y. Pulmonary hypertension in 
HFpEF and HFrEF: JACC review topic of the week. J 
Am Coll Cardiol. 2020;76:1102–11.

 29. Adir Y, Guazzi M, Offer A, Temporelli PL, Cannito 
A, Ghio S. Pulmonary hemodynamics in heart failure 
patients with reduced or preserved ejection fraction 
and pulmonary hypertension: similarities and dispari-
ties. Am Heart J. 2017;192:120–7.

 30. Ghio S, D’Alto M, Badagliacca R, Vizza 
CD.  Pulmonary hypertension in left heart dis-
ease: the need to continue to explore. Int J Cardiol. 
2019;288:132–4.

 31. Yamasaki N, Kondo F, Kubo T, Okawa M, Matsumura 
Y, Kitaoka H, et al. Severe tricuspid regurgitation in 
the aged: atrial remodeling associated with long- 
standing atrial fibrillation. J Cardiol. 2006;48:315–23.

 32. Utsunomiya H, Itabashi Y, Mihara H, Berdejo J, 
Kobayashi S, Siegel RJ, et  al. Functional tricus-
pid regurgitation caused by chronic atrial fibrilla-
tion: a real-time 3-dimensional transesophageal 
echocardiography study. Circ Cardiovasc Imaging. 
2017;10(1):e004897.

 33. Batchelor W, Emaminia A.  Tricuspid regurgitation 
and right heart failure: “it all begins and ends with the 
RV”. JACC Heart Fail. 2020;8(8):637–9.

 34. DeFilippis EM, Guazzi M, Colombo PC, 
Yuzefpolskaya M. A right ventricular state of mind in 
the progression of heart failure with reduced ejection 
fraction: implications for left ventricular assist device 
therapy. Heart Fail Rev. 2020; https://doi.org/10.1007/
s10741- 020- 09935- x.

 35. Ghio S, Carluccio E, Scardovi AB, Dini FL, 
Rossi A, Falletta C, Scelsi L, Greco A, Temporelli 
PL.  Prognostic relevance of Doppler echocardio-
graphic re-assessment in HFrEF patients. Int J 
Cardiol. 2020;327:111–6.

 36. Badano LP, Hahn R, Rodríguez-Zanella H, Araiza 
Garaygordobil D, Ochoa-Jimenez RC, Muraru 
D. Morphological assessment of the tricuspid appara-
tus and grading regurgitation severity in patients with 
functional tricuspid regurgitation: thinking outside the 
box. JACC Cardiovasc Imaging. 2019;12(4):652–64.

 37. Benfari G, Antoine C, Miller WL, Thapa P, Topilsky 
Y, Rossi A, Michelena HI, Pislaru S, Enriquez- 
Sarano M.  Excess mortality associated with func-
tional tricuspid regurgitation complicating heart 
failure with reduced ejection fraction. Circulation. 
2019;140(3):196–206.

 38. Ghio S, Mercurio V, Fortuni F, Forfia PR, Gall H, 
Ghofrani A, Mathai SC, Mazurek JA, Mukherjee 
M, Richter M, Scelsi L, Hassoun PM, Tello K, 
TAPSE in PAH investigators. A comprehensive 
echocardiographic method for risk stratification 
in pulmonary arterial hypertension. Eur Respir J. 
2020;56(3):2000513.

 39. Klinke A, Schubert T, Müller M, Legchenko E, Zelt 
JGE, Shimauchi T, Napp LC, Rothman AMK, Bonnet 
S, Stewart DJ, Hansmann G, Rudolph V.  Emerging 
therapies for right ventricular dysfunction and failure. 
Cardiovasc Diagn Ther. 2020;10(5):1735–67.

S. Ghio

https://doi.org/10.1007/s10741-020-09935-x
https://doi.org/10.1007/s10741-020-09935-x


163© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 
S. P. Gaine et al. (eds.), The Right Heart, https://doi.org/10.1007/978-3-030-78255-9_11

Cor Pulmonale

Cyril Charron, Guillaume Geri, Xavier Repessé, 
and Antoine Vieillard-Baron

Abbreviations

ARDS Acute respiratory distress syndrome
CVP Central venous pressure
LV Left ventricle
MRI Magnetic resonance imaging
PAC Pulmonary artery catheter
PAOP Pulmonary artery occlusion pressure
PAP Pulmonary artery pressure

 Introduction

Right ventricular (RV) failure is frequent and key 
to be detected in the management of critically ill 
patients [1]. At the opposite of the left side, its 
definition was not so clear until recently explain-
ing that few consensus of experts were needed to 
better characterize it [1–3]. Briefly, RV failure is 
now defined as a state in which the right ventricle 
is unable to meet the demands for blood flow 
without excessive use of the Frank-Starling 
mechanisms, which is “excessive” RV dilatation 

[1]. RV failure is always associated with systemic 
congestion, which is part of the definition and 
reflected by an increase in central venous pres-
sure (CVP) leading to renal congestion and injury 
[2]. To detect RV failure, it was recently proposed 
in patients with septic shock to combine echocar-
diography, allowing RV size evaluation, with 
CVP measurement [4].

Cor pulmonale, when acute or decompen-
sated, is one phenotype of RV failure, which 
means that RV failure is caused by a pressure 
overload in this case. Cor pulmonale is a frequent 
complication of pulmonary diseases and is asso-
ciated with a poor prognosis in many different 
clinical settings. This is obviously true in primary 
pulmonary hypertension [5], but also in acute 
respiratory distress syndrome (ARDS) [6]. This 
means that routine evaluation of right ventricular 
(RV) function is crucial in detecting cor 
pulmonale.

Cor pulmonale was first described clinically in 
1831 by Testa, as a chronic process, to illustrate 
heart-lung interactions [7]. In 1960, Harvey and 
Ferrer during a symposium on congestive heart 
failure defined it as “a complication of certain 
forms of lung disease” [8]. They especially 
focused on chronic pulmonary emphysema, lead-
ing to RV dysfunction either by alveolar hypoven-
tilation or by destruction of the pulmonary 
circulation [8]. Also called pulmonary heart dis-
ease, it is often just the clinical translation of an 
increased pulmonary artery pressure (PAP). Later, 
cor pulmonale was also reported as an acute phe-
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nomenon in pulmonary embolism, and then called 
acute cor pulmonale [9]. In the ICU, many situa-
tions may be responsible for such a pattern, espe-
cially in mechanically ventilated patients [10]. 
The reasons are briefly explained below.

 Physiological Reminders

In normal conditions, the right ventricle acts as a 
“passive conduit.” The isovolumetric contraction 
pressure is negligible and there is nearly no iso-
volumetric relaxation time because the right ven-
tricle continues to eject blood long after the 
beginning of the relaxation [11]. This is only pos-
sible because the pressure in the pulmonary cir-
culation is low. Then, for the right ventricle, 
ventricular-arterial coupling is the key, even 
though it is unfortunately difficult to assess at the 
bedside because it requires generation of pres-
sure/volume loops [12]. It can be evaluated as the 
ratio between end-systolic elastance of the right 
ventricle and elastance of the pulmonary artery 
(Ees/Ea) [12]. The right ventricle maintains opti-
mal coupling by adjusting its contraction to its 
afterload changes [12]. However, this adaptation 
is limited, especially in acute conditions when an 
abrupt increase in afterload occurs or after a long 
process of severe pulmonary hypertension [13]. 
This is also limited when hypotension, whatever 
the cause, occurs. Any situations leading to 
uncoupling between the right ventricle and the 
pulmonary circulation may induce a pattern of 
cor pulmonale. This is obvious in cases of chronic 
or acute pulmonary hypertension where pulmo-
nary artery elastance is significantly increased 
and the right ventricle has difficulty adapting. In 
acute pulmonary hypertension, this has been 
reported to be due to either proximal obstruction 
of the pulmonary circulation, as in pulmonary 
embolism [9], or distal obstruction (at the level of 
the pulmonary capillaries), as in ARDS [14, 15]. 
But uncoupling may also occur when RV Ees is 
decreased compared with only a slight increase 
in pulmonary artery Ea. This is especially appar-
ent in mechanically ventilated patients with 
depressed RV contraction related to ischemia 
(RV myocardial infarction) or to inflammatory 
cytokines (sepsis). Both situations are illustrated 
in Fig. 11.1. It has long been known that positive- 

pressure ventilation may induce increased after-
load by collapse of pulmonary capillaries [16, 
17]. This is related to the tidal volume or the 
related transpulmonary pressure [18].

 Diagnosis of Cor Pulmonale

As emphasized above, cor pulmonale was ini-
tially mainly a clinical diagnosis supported by a 
suggestive clinical context [1, 7, 8]. Since then, 
hemodynamic evaluation has been easily avail-
able at the bedside using the pulmonary artery 
catheter (PAC) and cor pulmonale was often 
defined as a central venous pressure (CVP) higher 
than the pulmonary artery occlusion pressure 
(PAOP) (Fig. 11.2) [19, 20]. But this definition is 
not very sensitive and is more a reflection of 
severe RV failure than of cor pulmonale per se. 
With the development of echocardiography, the 
recognized definition is mainly now an echocar-
diographic one [21, 22]. It is the association of RV 
dilatation in diastole with a paradoxical septal 
motion in end systole (Fig. 11.3). The paradoxical 
septal motion is the surrogate of the inverted 
transseptal pressure gradient between the right 
and the left ventricles (Fig. 11.4). Some studies 
have also recently reported the accuracy of CT 
scan in detecting RV dilatation in a clinical con-
text of cor pulmonale [23]. Moreover, cardiac 
magnetic resonance imaging (MRI) has become 
an interesting noninvasive approach to assessment 
not only of chronic changes, long after embolism 
for example, but also of acute changes in pulmo-
nary vascular resistance [24]. Cardiac MRI could 
become a key exam in the follow-up of patients 
suffering from pulmonary hypertension [25].

Differences between acute, chronic, and acute-
on-chronic cor pulmonale are not always obvious 
and the diagnosis is sometimes difficult. Briefly, 
the clinical context is crucial. Otherwise, chronic 
cor pulmonale is associated with major thicken-
ing of the RV free wall (10–12 mm for a normal 
value of 3  mm). However, a slight thickening 
(5–6 mm) has been reported in patients with acute 
cor pulmonale related to ARDS after only 3 days 
on mechanical ventilation [22]. In rats, hypoxia is 
also able to induce some RV hypertrophy in only 
3 days [26]. In chronic pulmonary hypertension, 
thickening is a sign of adaptation and the cardiac 
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output is still preserved, whereas dilatation, espe-
cially when significant, is a sign of failure with a 
decreased cardiac output [13]. Another difference 
between acute and chronic is the level of pulmo-
nary hypertension: it is usually moderate (systolic 

pressure ≤60 mmHg) in acute and more severe in 
chronic.

 Treatment of Cor Pulmonale

Here we will not consider etiologic treatments, as 
pulmonary vasodilation, fibrinolysis, coronary 
reperfusion, etc. But whatever the disease, gen-
eral support is needed in certain situations, 
including the use of vasoactive drugs and changes 
in respiratory settings, and some support has to 
be limited or even avoided, as fluid expansion.

Whereas it is clear that supporting the right ven-
tricle is required in the case of cor pulmonale related 
to RV failure, the question is still debatable in the 
case of RV systolic dysfunction only. In the first 
situation, cardiac output is not always adequate, 
whereas in the second situation, it is always pre-
served. In general, moderate acute cor pulmonale 

a

b

Fig. 11.1 Illustration in two mechanically ventilated 
patients, using transesophageal echocardiography, of 
uncoupling between the right ventricle and the pulmonary 
circulation, leading to a pattern of acute cor pulmonale. 
Panel (a): Patient with septic shock at admission. Note the 
severe dilatation of the right ventricle in diastole on a 

four-chamber view, associated with paradoxical septal 
motion in systole on a short-axis view (arrow). Panel (b): 
Patient with myocardial infarction and moderate dilata-
tion of the right ventricle with paradoxical septal motion 
(D-shape of the left ventricle, arrow). RV right ventricle, 
LV left ventricle

PCW

PA

RA
20mmHg

Fig. 11.2 Demonstration in a patient with massive pul-
monary embolism, with right atrial pressure (RA) higher 
than pulmonary capillary wedge pressure (PCW), illus-
trating marked right ventricular failure. PA pulmonary 
artery
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a b

Fig. 11.3 Typical pattern of acute cor pulmonale by a 
transthoracic approach in a mechanically ventilated young 
woman with severe pneumonia related to influenza. Panel 
(a): Apical four-chamber view showing major right ven-
tricular dilatation (the right ventricle is bigger than the 

left) in diastole. Panel (b): Parasternal short-axis view of 
paradoxical septal motion in systole leading to a 
“D-shape” of the left ventricle and reflecting right ven-
tricular systolic overload. RV right ventricle, LV left 
ventricle

PEEP 5 cmH2O PEEP 14 cmH2O

ZEEP
PEEP

LV
100

20

LV

RV

RV

100

0

Fig. 11.4 Illustration of the mechanism of paradoxical 
septal motion. Above: Parasternal short-axis view of the 
left ventricle in a patient ventilated for severe ARDS with 
PEEP of 5  cmH2O (no paradoxical septal motion) and 
after applying PEEP of 14  cmH2O (paradoxical septal 
motion). Below: Recording of left and right ventricular 

pressures in a mechanically ventilated patient with 
ARDS. Note for PEEP of 20 cmH2O the inverted pressure 
gradient between both ventricles at end systole, not occur-
ring at PEEP 0 (ZEEP). RV right ventricle, LV left ventri-
cle, PEEP positive end-expiratory pressure
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(RV < LV) is associated with a preserved cardiac 
output, whereas severe acute cor pulmonale 
(RV > LV) is associated with decreased cardiac out-
put [22]. In the former situation, it is very likely that 
RV failure is “in progress,” while in the latter situa-
tion RV failure is already there. Some data recently 
published in ARDS show that acute cor pulmonale, 
whatever the cardiac output, is associated with a 
poor prognosis [6], suggesting that something has 
also to be adapted in these patients. But this is a 
special situation where a direct relationship between 
lung disease, effect of mechanical ventilation, and 
RV function is well described. This led some inten-
sivists to call in these patients for an RV-protective 
approach, based on (1) a systematic decrease in 
tidal volume and plateau pressure, (2) a limitation of 
hypercapnia, and (3) the use of prone position in the 
most severely ill patients [27].

Most data regarding the use of vasoactive 
drugs come from experimental studies. They are 

based on the concept that a vicious circle is 
occurring: cor pulmonale leads to RV failure 
and severe RV dilatation, which results in 
decreased blood pressure, which leads to 
decreased coronary perfusion pressure and RV 
functional coronary ischemia, which worsens 
RV failure, etc. This supports the use of a vaso-
constrictor as norepinephrine to restore a nor-
mal blood pressure and then coronary perfusion, 
helping the right ventricle to adapt to the stress. 
This was demonstrated by Guyton et al. [28] in 
animals and also confirmed by Vlahakes et  al. 
[29]. In an experimental model of major pulmo-
nary embolism in dogs, Molloy et  al. reported 
that norepinephrine was much more effective in 
terms of hemodynamic improvement and sur-
vival than isoproterenol [30]. The same results 
were also reported by Rosenberg et al. [31]. An 
example is given in Fig. 11.5 in a patient venti-
lated for ARDS.

a b

Fig. 11.5 Demonstration of the beneficial effect of nor-
epinephrine infusion on right ventricular function. Panel 
(a): Patient with acute cor pulmonale (right ventricular 
dilatation above and paradoxical septal motion below) and 
severe hypotension. Panel (b): After norepinephrine infu-

sion, leading to restoration of blood pressure, right ven-
tricular function was normalized (the right ventricle was 
now non-dilated and paradoxical motion disappeared). RV 
right ventricle, LV left ventricle
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Fluid management in this situation is not 
obvious. Clearly, RV function is known to be 
the main limiting factor for the effectiveness of 
fluid expansion [28–32]. In mechanically ven-
tilated ARDS patients, Mahjoub et al. showed 
that false- positive pulse pressure variation 
(i.e., patients who seemed fluid responsive but 
in whom cardiac output actually did not 
increase after fluids) had echocardiographic 
parameters suggesting RV systolic dysfunction 
[33] (Fig.  11.6). Mercat et  al. demonstrated 
15 years ago in patients with pulmonary embo-
lism that changes in cardiac index related to 
fluids were strongly associated with baseline 
RV size [34]. We recently reported in 282 
patients with septic shock, all mechanically 
ventilated, that fluid expansion is useless in 

case of moderate-to-severe RV dilatation even 
with significant pulse pressure variations [4]. 
Fluids may be not only useless, but also delete-
rious in this situation by aggravating RV dila-
tation and then LV constriction and finally 
hemodynamic failure [35]. This was also nicely 
demonstrated in dogs in a model of massive 
pulmonary embolism [36].

In conclusion, cor pulmonale may be due to 
many different diseases or injuries, most of them 
leading to uncoupling between the right ventricle 
and the pulmonary circulation. The most efficient 
tool for bedside evaluation of RV function is cur-
rently echocardiography. To support the right 
ventricle it is necessary to evaluate how dilated it 
is and to be familiar with its physiology and 
pathophysiology.

a

b

c

Fig. 11.6 Mechanically ventilated patient with severe 
ARDS, as shown by the chest X-ray (panel a). He exhib-
ited significant pulse pressure variations (panel b, invasive 
blood pressure recording) due to severe acute cor pulmo-
nale, as shown by transesophageal echocardiography, 

with major right ventricular dilatation (panel c). Cardiac 
output did not increase after fluid expansion. RV right ven-
tricle, LV left ventricle, RA right atrium, LA left atrium, 
ΔPP pulse pressure variation, FC heart rate, PA systolic 
blood pressure
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High Altitude and the Right 
Ventricle

Robert Naeije

 Introduction

High-altitude exposure has long been recog-
nized as a cause of “cardiac fatigue” [1]. Heart 
failure syndromes have been reported as “bris-
ket disease” in cattle brought to high-altitude 
pastures [2], chronic mountain sickness or sub-
acute mountain sickness in the Andes or the 
Himalayas [3–6], and occasionally high-alti-
tude right-heart failure (HARHF) in healthy 
lowlander sojourners [7]. On the other hand, 
there is the notion that the myocardium has a 
good tolerance to hypoxia and that the preva-
lence of cardiovascular diseases is lower in 
high-altitude dwellers than in sea-level inhabit-
ants [8]. Hypoxia induces an increase in pulmo-
nary vascular resistance (PVR), but resulting 
pulmonary hypertension (PH) is most often 
mild to moderate [9]. There has been no report 
of hypobaric hypoxia-induced RHF in the 
intensive care setting. This may be due to the 
fact that severe environmental hypoxic stress is 
mainly observed in remote high-altitude areas 
with little access to hospital equipment. Another 
difficulty in the assessment of HARHF is in the 
use of different definitions of PH, pulmonary 
hypertension, and RHF by high-altitude com-
munities and PH experts [10–13]. This pheno-

type uncertainty makes epidemiological studies 
and drug trials difficult.

 Definitions

Pulmonary hypertension used to be defined by a 
mean pulmonary artery pressure (mPAP) 
≥25 mmHg, and pulmonary vascular disease by a 
PVR ≥3 Wood units (WU) [10]. The mPAP 
threshold for the diagnosis of PH was recently 
decreased to 20 mmHg at an international expert 
consensus conference [11]. Pre- vs. postcapillary 
PH is still separated on the basis of a wedged 
PAP (PAWP) below or above 15 mmHg, respec-
tively [10, 11].

High-altitude experts define PH by a mPAP 
>30 mmHg “in the absence of excessive erythro-
cytosis” [12]. How to correct pulmonary hemo-
dynamic measurements for the blood viscosity of 
excessive erythrocytosis has been recently 
remodeled with the proposal of a practical dia-
gram [13]. This is not yet incorporated in consen-
sus documents or recommendations.

Chronic mountain sickness (CMS) is defined 
by an excessive erythrocytosis and severe hypox-
emia associated with neurological symptoms 
such as headache, somnolence, fatigue, and 
depression, occurring in natives or long-term 
residents above 2500  m [12]. The condition is 
reversible at lower altitudes. Diagnostic cutoff 
values are hemoglobin ≥21  g/dL in men and 
≥19 g/dL in women.
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While it is recognized that PH and eventual 
heart failure may complicate CMS, these are not 
sine qua non diagnostic criteria. In fact systemic 
congestion suggestive of RHF in advanced CMS 
may be related to carbon dioxide, salt, and water 
retention in the context of relative hypoventilation 
[14]. The same characteristics were historically 
called about “cor pulmonale” (right ventricular, 
RV hypertrophy/dilatation) in patients with 
chronic obstructive pulmonary disease [15].

Right-heart failure can be defined as a 
dyspnea- fatigue syndrome with systemic conges-
tion caused by a failure of right ventricular (RV) 
systolic function adaptation to afterload resulting 
in insufficient flow output in response to periph-
eral demand without increased dimensions [16]. 
This definition does not propose cutoff values of 
measurements of systolic function, diastolic 
function, or dimensions, because of insufficient 
evidence about the optimal combination of these 
measurements and uncertainty about limits of 
normal. There is no definition of RHF in high- 
altitude expert consensus documents.

 Altitude as a Cause of Increased RV 
Afterload

Hypoxic exposure induces pulmonary vasocon-
striction followed by arteriolar remodeling [17, 
18]. Hypoxic pulmonary vasoconstriction (HPV) 
may therefore be a cause of PH secondary to the 
hypobaric hypoxia environmental stress at high 
altitude [8]. It has long been known that HPV—
and subsequent hypoxic PH—is characterized by 
marked interspecies variability: as it is intense in 
pig, horse, and cow; moderate in most rodents; 
and mild to nonexistent in dog, guinea pig, yak, 
and llama [17]. Human HPV is generally mild, at 
the low end of this spectrum, and varies consider-
ably as well [19].

In the first report of human HPV, by Motley 
et al. in 1947, an acute challenge with a fraction 
of inspired oxygen (FIO2) of 0.1 in five healthy 
subjects increased mPAP on average from 13 to 
23 mmHg [20]. In later invasive studies on nor-
mal subjects challenged with a FIO2 of 0.1–0.125 
(PaO2, 40 mmHg, corresponding to an altitude of 

4000–4500  m), hypoxia-induced increases in 
mPAP ranged from 0 to 20  mmHg [21–24]. In 
these studies, 20% of the subjects had no increase 
in PVR with hypoxic breathing.

The time course of pulmonary vascular 
remodeling and its reversal after initial HPV and 
persistent hypoxic exposure are not exactly 
known. However, loss of immediate reversibility 
of increased PVR on reoxygenation occurs within 
the first 24  h of hypoxic exposure [23–26]. In 
high-altitude dwellers brought to stay at sea-level 
altitudes, PVR returns to normal but this reverse 
remodeling takes several weeks [27].

Chronic hypoxic exposure in high-altitude 
dwellers is characterized by a variable increase in 
mPAP. Penaloza and Arias-Stella plotted mPAP 
reported in high altitude studies as a function of 
arterial O2 saturation and found a hyperbolic rela-
tionship [28]. When they plotted mPAP as a func-
tion of altitude of residence, they found that there 
were disproportionally high mPAP in Denver, 
and low mPAP in Lhasa. This fueled the specula-
tion of a Darwinian selection of a lower hypoxic 
pulmonary pressure response for improved sur-
vival in Himalayan populations, which have been 
living at high altitudes for thousand years com-
pared with more recent North American immi-
gration. However, subsequent studies do not 
confirm these differences [29], which probably 
emerged due to selection biases, small-size study 
populations, and huge variability of human HPV.

A meta-analysis of echocardiographic studies 
of the pulmonary circulation in healthy subjects 
showed a mPAP of 13 mmHg in 710 sea-level resi-
dents (18 studies) and 20  mmHg in 834 high- 
altitude residents (12 studies) [9]. The estimates of 
PAP rested on the measurement of a maximum 
velocity of tricuspid regurgitation, and mPAP is 
here recalculated as 0.6 × systolic PAP + 2 mmHg. 
This method has been shown to be accurate but 
with limited precision and thus valid for popula-
tion studies [30]. Thus most high-altitude dwellers 
have no PH according to high-altitude expert con-
sensus definition [12] or traditional definition of 
PH by a mPAP ≥25 mmHg [10] but a significant 
proportion would have PH as recently redefined by 
a mPAP >20 mmHg [11]. The proportion of high-
altitude dwellers with pulmonary vascular disease 
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defined by a combination of mPAP >20  mmHg 
and a PVR ≥3 WU is probably very low if one 
considers that most of these patients have a normal 
cardiac output and a PAWP <15  mmHg. More 
simply stated, mPAP in healthy high-altitude 
dwellers is generally at the upper limit of sea-level 
normal or slightly above, and PH with underlying 
pulmonary vascular disease is very rare.

The same authors hypothesized that CMS 
would be associated with more important increase 
in PAP [31]. Accordingly, they performed a meta- 
analysis of 9 echocardiographic studies in a total 
of 287 CMS patients. The results showed a mPAP 
on average of 18 mmHg (95% confidence inter-
val of 16–20 mmHg) at rest and 31 mmHg (95% 
CI of 29–33 mmHg) during exercise, suggesting 
that CMS would not be a cause of PH.

A review of invasive and noninvasive pulmo-
nary hemodynamic measurements in healthy 
lowlander subjects at sea level [23, 32–36] and at 
high altitude [23, 32–37], healthy high-altitude 
dwellers [32, 36–40], and CMS patients [36, 40, 

41] shows that patients with CMS have a higher 
mPAP than high-altitude healthy controls, and 
high-altitude dwellers have steeper mPAP- 
cardiac output relationships, i.e., a higher PVR 
during exercise [36]. This is largely explained by 
increased viscosity of the blood because of eryth-
rocytosis. Hematocrit-corrected PVR smoothens 
out difference in PVR between high-altitude 
dwellers with or without CMS or high-altitude 
sojourners as compared to sea-level controls [14]. 
For example it is generally assumed that high- 
altitude inhabitants of the Himalayas have no 
hypoxic PH as compared to the inhabitants of the 
high-altitude Andean plateaus [37]. However, 
these differences smoothen out after correcting 
PVR for hematocrit [14, 29] (Fig. 12.1).

Hypoxic vasoconstriction is particularly intense 
in very few normal human subjects [24, 42]. 
Because hypoxia does not affect the longitudinal 
distribution of resistances, these subjects present 
with increased pulmonary capillary pressure and, 
accordingly, are predisposed to high- altitude pul-
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Fig. 12.1 Range of mean pulmonary artery pressures 
(mPAP) expressed as a function of cardiac index (CI) at 
exercise in high-altitude (HA) and sea-level (SL) inhabit-
ants. Source studies are indicated by names of first authors 
[23, 31–41]. Highlanders present with higher resting 
mPAP and increased slopes of mPAP-CI.  The steepest 

slopes of mPAP-CI occur in highlanders with chronic 
mountain sickness (CMS). Tibetan highlanders have 
mPAP-CI relationships with limits of normal measured at 
sea level. Invasive and noninvasive measurements gener-
ated similar averaged mPAP-CI curves. (Adapted from 
Groepenhoff et al. [36] with permission)
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monary edema (HAPE) [43]. Brisk responders to 
hypoxia are also at risk of HARHF [7]. The occur-
rence of HARHF in the human species seems very 
low, but prevalence is not exactly known.

 Does Hypoxic Exposure Exert 
Negative Inotropic Effects?

It has long been thought that the myocardium 
may self-limit its pump function because of 
decreased oxygen availability, thereby prevent-
ing potentially fatal hypoxia-induced arrhythmia 
or failure [44, 45]. Hypoxia has been reported to 
exert negative inotropic effects in intact animal 
preparations [46] and in isolated myocardial 
fibers [44]. However, stroke volume (SV) as a 
function of right- or left-heart filling pressures 
has been reported to be well maintained at 
extremely high simulated altitudes, indicating 
preserved contractility [47]. This has been con-
firmed by measurements of left ventricular (LV) 
peak systolic versus end-systolic volume rela-
tionships [48]. Yet borderline PH in association 
with hypoxia and inflammatory conditions such 
as chronic obstructive pulmonary disease and 
systemic sclerosis [49] or hypoxic breathing only 
[50] has been reported in speckle tracking echo-
cardiography studies to be a cause of regional 
inhomogeneity of RV contraction and occasional 
postsystolic shortening. The functional relevance 
of these observations remains incompletely 
understood.

Acute hypoxic breathing at sea level in healthy 
adult volunteers has been reported to increase 
systolic PAP (estimated from the maximum 
velocity of tricuspid regurgitation) to 41 mmHg 
and not to affect echocardiographic indices of RV 
systolic function such as fractional area change 
(FAC), tricuspid annular plane systolic excursion 
(TAPSE), tissue Doppler tricuspid annulus S 
wave, or RV free wall strain, but with suggestion 
of altered diastolic function by decreased tricus-
pid inflow and annulus ratio of E and A waves 
[51]. However, this last effect was also obtained 
by an infusion of low-dose dobutamine. The 
authors thought that maintained systolic function 
in the presence of moderate increase in PAP and 

changes in diastolic filling patterns would be 
essentially explained by acute hypoxia-induced 
activation of the sympathetic nervous system.

This observation was confirmed by a study on 
children and adolescents rapidly taken to the alti-
tude of 3450 m. Echocardiographic examinations 
showed a mild increase in PAP to the upper limit 
of normal normobaric values, inversely corre-
lated to age, with preserved or slightly enhanced 
indices of both RV and LV systolic function [52]. 
A frequency analysis of heart rate showed an 
increase in low-frequency-to-high-frequency 
mode ratio (LF/HF) suggesting sympathetic ner-
vous system activation [52].

The effects of chronic hypoxic exposure were 
assessed by a study on healthy Aymara living per-
manently on the Bolivian altiplano, at approxi-
mately 4000 m, compared to recently acclimatized 
healthy sojourners [53]. Acute exposure to high 
altitude caused an increase in mPAP to 
20–25 mmHg, decreased RV and LV E/A with a 
prolonged isovolumic relaxation time of the RV, 
and maintained RV systolic function as estimated 
by TAPSE and tricuspid annulus S wave. The 
high-altitude natives presented with relatively 
lower mPAP, higher oxygen saturation, more pro-
nounced alteration in indices of diastolic func-
tion, and a slight decrease in TAPSE and tricuspid 
annulus S wave. The estimated LV filling pres-
sure was lower in native high-altitude natives. 
The (slight) deterioration of indices of both sys-
tolic and diastolic functions in high-altitude 
natives, in spite of less marked PH and better 
oxygenation, was explained by the authors by 
combined effects of a lesser degree of sympa-
thetic nervous system activation, relative hypovo-
lemia, and possibly some negative inotropic 
effects of a long-lasting hypoxic exposure [53].

A speckle tracking echocardiography study on 
the Peruvian altiplano showed a slight decrease 
in LV strain and deformation in recently acclima-
tized sojourners, but normal LV systolic function 
in Quechua natives with or without CMS [54]. 
Interestingly, the E/A ratio was decreased in 
patients with CMS. A frequency analysis of heart 
rate showed an increased LF/HF ratio in high- 
altitude sojourners and dwellers, but a decreased 
LF/HF ratio in CMS patients in whom therefore 
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sympathetic nervous system activation could not 
explain altered indices of LV diastolic function.

A similar study performed at the altitude of 
5000  m in Nepal showed a slight increase in 
sPAP in Sherpa (who are of Tibetan ancestry) and 
acclimatized lowlanders [55]. The Sherpa had 
smaller RV and LV volumes but similar LV sys-
tolic mechanics compared to the sojourners. In 
contrast to LV systolic mechanics, LV diastolic, 
untwisting velocity was significantly lower in 
Sherpa compared with lowlanders at both sea 
level and high altitude. After partial acclimatiza-
tion, lowlanders demonstrated no change in the 
RV end-diastolic area; however, both RV strain 
and LV end-diastolic volume were reduced. The 
authors concluded that short-term hypoxia 
induced a reduction in RV systolic function that 
was also evident in Sherpa following chronic 
exposure. However, the LV appeared well 
adapted in spite of some alteration in diastolic 
relaxation.

In summary, imaging studies have shown that 
acute acclimatization or chronic exposure to 
high-altitude hypobaric hypoxia is associated 
with unchanged, increased, or slightly decreased 
systolic function and unchanged or increased 
dimensions of the RV, unchanged or slightly 
decreased systolic function and decreased dimen-
sions of the LV, and altered indices of diastolic 
function of both ventricles. Most of these changes 
can be explained by changes in blood volume, 
ventricular dimensions, and sympathetic nervous 
system activation, but some negative inotropic 
effects of chronic hypoxia cannot be excluded. 
Similar changes are to be found in CMS, but 
without sympathetic nervous system activation, 
and possible remodeling effects of lifelong 
hypoxia.

 The Right Ventricle During Hypoxic 
Exercise

There have been reports that exercise capacity in 
hypoxia can be improved by pharmacological 
interventions to decrease PVR. The phosphodies-
terase- 5 inhibitor sildenafil decreased PAP and 
increased maximum workload in healthy low-

landers who hiked to Mount Everest base camp 
[56]. Sildenafil decreased PVR in healthy volun-
teers and improved their maximum oxygen 
uptake (VO2max) in acute normobaric hypoxia 
but this was less prominent in more chronic 
hypoxia at the altitude of 5000  m on the 
Chimborazo, in Ecuador [57]. Concomitant 
decreases in PVR and improved VO2max were 
also reported in HAPE-susceptible subjects 
exposed to high altitude after preventive adminis-
tration of dexamethasone [58]. In these studies, 
improved systemic oxygenation by the intake of 
vasodilating interventions was a confounding 
factor [56–58]. Decreasing PVR by the intake of 
the endothelin receptor antagonists bosentan or 
sitaxsentan in acute or chronic hypoxia in healthy 
volunteers did not affect arterial O2 content, but 
even so VO2max improved by 10–25% [59, 60]. 
A review of exercise studies in healthy subjects 
with or without intake of pulmonary vasodilators 
reveals inverse relationships between PVR and 
VO2max along with higher lung-diffusing capac-
ity and lower ventilatory equivalents for carbon 
dioxide in those with the lowest PVR, in hypoxia 
[61]. However, hypoxia also limits maximum 
cardiac output and VO2max by altered coupling 
between peripheral convective and diffusional O2 
transport mechanisms [62], so that increased RV 
afterload and decreased exercise capacity may 
not be causally related [63]. In fact, the answer to 
the question whether increased afterload in 
hypoxia impairs the coupling of RV function to 
the pulmonary circulation, limits maximum car-
diac output, and eventually decreases VO2max 
would require measurements of RV structure and 
function. Such studies are few.

In perhaps the only study until now looking 
into RV function reserve during hypoxic exer-
cise, pulmonary vascular pressures, cardiac out-
put, and indices of ventricular function and 
dimensions were measured using Doppler echo-
cardiography at rest and at exercise in 46 patients 
with CMS and 41 healthy controls all living per-
manently at the altitude of 3600–4000 m, in La 
Paz, Bolivia [64]. Pulmonary artery pressures at 
rest were on average at the upper limit of sea- 
level normal in both groups, but increased 
 markedly at exercise, as expected. PVR increased 
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in CMS patients and remained unchanged in con-
trols, in contrast to the decrease in PVR normally 
seen in healthy subjects at sea level. Indices of 
RV or LV function at rest did not differ between 
CMS patients and controls, with the exception of 
some increase in RV dimensions and decreased 
FAC in CMS patients. Both healthy subjects and 
CMS patients had a few slight alterations in the 
indices of LV and RV diastolic and systolic func-
tions, in agreement with previous studies. 
However, RV contractility assessed by peak sys-
tolic pressure versus end-systolic area increased 
in an adapted fashion in response to increased 
loading conditions, indicating preserved contrac-
tile reserve. This result illustrated in Fig. 12.2 is 
in keeping with recent report of preserved aero-
bic exercise capacity in CMS patients as com-
pared to healthy high-altitude dwellers or recently 
acclimatized lowlanders [36].

These observations are in keeping with animal 
experiments showing in dogs, pigs, goats, and 
sheep that hypoxic breathing induces an acute 
increase in PAP of variable magnitudes but 
matched by a proportional increase in RV end- 
systolic elastance as the gold standard estimate of 
contractility, thereby preserving RV-PA coupling 
[65–67].

 High Altitude-Induced Right-Heart 
Failure

Sometimes high-altitude exposure is associated 
with a brisk increase in PAP.  How often this 
occurs is not known. It has been observed in a 
small number of mountaineers, but may be less 
common during high-altitude travels without 
strenuous exercise [43]. However, PH at high 

Fig. 12.2 Apical four-chamber views showing end- 
systolic areas (ESA) of the right ventricle (RV) at rest (left 
panels) and during exercise (right panels) with tissue 
Doppler tricuspid annulus S′ wave and tricuspid regurgi-
tant jets in a patient with chronic mountain sickness. 
Exercise was associated with a maximum velocity of tri-

cuspid regurgitation of 4 m/s, corresponding to a systolic 
RV pressure of 69  mmHg, an unchanged S′, and a 
decreased RV ESA, all compatible with preserved cou-
pling of RV function to the hypertensive pulmonary circu-
lation. (From Ref. [64])
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altitudes is a cause of HAPE [43] but also 
HARHF [68]. Severe and rapidly evolving 
hypoxic PH as a cause of HARHF has been docu-
mented by hemodynamic measurements in cattle, 
chickens, and humans [2, 3] with pathological 
examination showing remodeling of pulmonary 
arterioles and a dilated/hypertrophied RV [6]. A 
case of right-heart failure in cow, or “brisket dis-
ease,” is illustrated in Fig. 12.3 [69].

The most detailed and actually only invasive 
hemodynamic study in patients with the so-called 
adult subacute mountain sickness or HARHF 
was reported in 21 Indian soldiers posted for 
weeks at altitudes of 5800–6700  m, and who 
developed a predominantly right-sided conges-
tive heart failure syndrome, with echocardiogra-
phy showing dilatation of the right heart and a 
normal LV EF [3]. A right-heart catheterization 
performed after they were returned in 3 days to 

the altitude of 300  m showed a mPAP of 
26 ± 4 mmHg, a PAWP of 11 ± 4 mmHg, a right 
atrial pressure of 8  ±  4  mmHg, and a cardiac 
index of 3.5 L/min/m2. Exercise was associated 
with a steep increase in mPAP but no change in 
PVR. The authors thought that this hemodynamic 
profile reflected RVF in response to severe 
hypoxic PH that developed during the high- 
altitude stay and had already much resolved, but 
did not exclude a significant contribution of left- 
heart failure due to strenuous exercise in extreme 
cold environmental conditions as several patients 
still had a higher-than-normal PAWP.

In a case of HARHF reported with echocar-
diographic measurements, illustrated in Fig. 12.4, 
the right heart was minimally dilated but with 
postsystolic shortening and dilated inferior vena 
cava, suggesting pending RV-PA uncoupling [7]. 
Interestingly the clinical examination of this sub-

a b

c d

Fig. 12.3 Pulmonary arterial remodeling with medial 
hypertrophy and adventitial thickening (c) compared to 
normally thin medial and adventitial layers in a normal 
pulmonary arteriole (a), right ventricular hypertrophy (d), 

and cow with right clinical heart failure (“brisket dis-
ease”) (b). The red arrow shows the typical swelling of the 
brisket. (From Ref. [69])
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ject was unremarkable as systemic congestion 
symptomatology would likely appear in the pres-
ence of more markedly dilated right-heart struc-
tures and filling pressures. Imaging of the heart 
allows for an earlier diagnosis of HARHF.  A 
more typically marked dilatation of right-heart 
chambers was recently reported in a Kyrgyz child 
with the so-called subacute infantile mountain 
sickness [70].

 Perspective

High-altitude exposure may be a cause of severe 
PH and RHF.  How often this happens is not 
exactly known. Progress in imaging of the right 
heart and the pulmonary circulation with easy-to- 
use portable echocardiography should make epi-
demiological studies of HARHF possible, even 

in remote places with not yet fully developed 
hospital equipment. While waiting for this to be 
done, the high-altitude experts should agree on 
updated definitions with improved dialogue with 
pulmonary hypertension and heart failure com-
munities, and feasibility of large-scale prospec-
tive studies based on consensus phenotyping.
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Abbreviations

ACE Angiotensin-converting enzyme
ARB Angiotensin receptor blocker
ASD Atrial septal defect
ccTGA  Congenitally corrected transposition 

of the great arteries
CHD Congenital heart diseases
CMR Cardiac magnetic resonance imaging
EF Ejection fraction
FAC Fractional area change
LV Left ventricle
PAH Pulmonary arterial hypertension
PH Pulmonary hypertension
RV Right ventricle
RVOT Right ventricular outflow tract
TAPSE  Tricuspid annular plane systolic 

excursion
TGA-as  Transposition of the great arteries 

with atrial switch procedure

TI Tricuspid insufficiency
TOF Tetralogy of Fallot
VSD Ventricular septal defect

 Introduction

Right ventricular function is an important deter-
minant of prognosis and outcome in congenital 
heart diseases [1]. Right ventricular adaptation to 
congenital heart diseases (CHD) has many faces 
as there is a wide variety in defects involving the 
right ventricle as well as in surgical corrections 
and treatment strategies. This results in a variety 
of RV loading conditions that can change over 
time as a result of surgical interventions, aging, 
or disease progression. Also, treatment practice 
has evolved, changing the nature and outcome of 
survivors of CHD.  Lastly, several lesions also 
affect the left ventricle (LV) that may interact 
with RV function and thereby change the RV 
function.

Although in practice sometimes artificially, 
for educational and conceptual purposes the 
effects on the RV can be divided into three types 
of abnormal loading conditions, i.e., increased 
preload (e.g., shunts or valvular insufficiency), 
increased afterload (e.g., stenosis or connection 
to systemic circulation), or a mixture of both. 
During the process of maturation and aging and 
as a result of interventions loading conditions can 
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shift from increased afterload to increased pre-
load (Table 13.1). A detailed description of car-
diac morphology in CHD has been described in 
the several textbooks of CHD [2, 3]. In this chap-
ter we describe the different faces of the RV with 
a focus on the functional capacity. We differenti-
ate between lesions affecting preload, afterload, 
and a mixture of those.

 Lesions Affecting Preload

Lesions leading to an isolated volume load of the 
RV can be divided into two major groups, lesions 
with a pre-tricuspid shunt (i.e., atrial septal defect 
(ASD)) or lesions with valvular insufficiency 
(e.g., tricuspid insufficiency, pulmonary insuffi-
ciency, Table 13.1). Pulmonary insufficiency as a 
result of treatment in patients with repaired tetral-
ogy of Fallot will be discussed separately. The 
major difference between the two groups is the 
increased pulmonary blood flow in shunt lesions, 
which may induce increased pulmonary vascular 
resistance leading to pulmonary hypertension, 
thus inducing a shift from increased preload to 
increased afterload.

 Atrial Septal Defect

Atrial septal defect (ASD) is a quite common 
lesion in CHD, with a female dominance [4]. 
There are several morphological variants depend-
ing upon the position of the ASD (Fig.  13.1a). 
The most common form is ASD II, and rare vari-

ants are sinus venosus defects. The latter differ in 
that they are frequently associated with a par-
tially abnormal pulmonary venous return leading 
to an obligatory left-to-right shunt at the atrial 
level. Furthermore, sinus venosus defects induce 
a higher risk for the development of pulmonary 
arterial hypertension (PAH) than other types of 
atrial shunts.

Without association of other defects, an ASD 
will lead to a left-to-right shunt at atrial level, 
inducing an increased preload of the RV 
(Fig. 13.1b). The degree of shunting depends on

 1. The size of the defect
 2. The presence of partially abnormal pulmo-

nary venous return
 3. The orifice of the tricuspid and the mitral 

valve
 4. The difference in compliance between the 

receiving right and left ventricles
 5. The pulmonary hypertension or pulmonary 

stenosis affecting the RV compliance

Prenatally, the right and left ventricles together 
take care of the systemic circulation. A right-to- 
left flow across the foramen ovale is a natural phe-
nomenon, allowing the passage of higher saturated 
blood into the left ventricle [5]. Also, pulmonary 
vascular resistance (PVR) is very high and this 
decreases rapidly at birth. Consequently, pulmo-
nary blood flow increases, thereby increasing pul-
monary venous return. These changes will cause 
the flap of the foramen to be pressed against the 
atrial septum and lead to closure of the foramen. 
In patients with an ASD, a left-to-right shunt will 

Table 13.1 Overview of lesions affecting the right ventricle in congenital heart diseases

Increased preload Mixed Increased afterload
Atrial septal defect 
(ASD)

ASD + PS ← Pulmonary stenosis (PS)
ASD + pulmonary 
hypertension

← Pulmonary hypertension

Pulmonary 
insufficiency (PI)

PI and PS after correction of 
TOF

← Tetralogy of Fallot (TOF)

Tricuspid 
insufficiency (TI)

ccTGA + TI ← Congenitally corrected transposition of the great 
arteries (ccTGA)

TGA-as + TI ← Transposition of the great arteries after atrial switch 
procedure (TGA-as)

HLHS + BT shunt ← Hypoplastic left-heart syndrome (HLHS)
HLHS + TI
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develop, the degree of which is dependent upon 
the decrease of pulmonary vascular resistance. 
Usually, no significant shunt develops in the first 
weeks, although in association of lesions affect-

ing the inflow of the LV, such as a congenital mal-
formation of the mitral valve or hypoplastic left 
heart, the shunt across the ASD may increase 
more rapidly. Alternatively,  underdevelopment of 
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Fig. 13.1 (a) Different locations of atrial septal defects. (b) Factors influencing the degree of shunting in atrial septal 
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the tricuspid valve will induce a right-to-left shunt 
across an ASD.  Similarly, a restrictive RV in 
patients with corrected Fallot’s tetralogy can lead 
to a right-to-left shunt, whereas diastolic failure of 
the LV, often observed in elder patients, may 
increase preexisting left-to-right shunt.

Since a volume load of the RV is usually 
well tolerated in childhood, children with an 
isolated ASD rarely present with symptoms. 
However, in association with other cardiac or 
pulmonary  conditions, or in case of a very large 
ASD, clinical symptoms of left-to-right shunt 
may occur already early in life. In adult patients, 
in whom left ventricular diastolic properties 
change, e.g., in developing heart failure with 
preserved ejection fraction (EF) due to ischemic 
heart disease, the left-to-right shunt across the 
defect will increase. Indeed LV diastolic 
function should be assessed in every adult 
patient presenting with an ASD.

When left untreated, 10–20% of the patients 
with an ASD will develop pulmonary hyperten-
sion (PH), although usually not before their third 
decade of life. Patients with ASD-PH have less 
left-to-right shunt due to decreased right ventricu-
lar compliance, caused by an increased RV after-
load due to PH. Adult patients with Eisenmenger 
syndrome have been reported to fare better than 
patients with other types of PAH; however these 
results may be due to a survival bias, as the sur-
vival in children with PAH-CHD is not better. 
Indeed, studies in animal models with a mixture 
of increased preload and afterload showed further 
deterioration of RV function as compared with 
isolated increased afterload only [6].

The RV adaptation to volume load in ASD is 
dilatation, which leads to increased strain and 
strain rates especially in the apical segments [7–
9]. Also longitudinal motion is increased. 
Interestingly, in animal models of increased 
preload, no changes in elastance, and hence 
contractility, were noted, suggesting that only 
Frank-Starling mechanisms are responsible for 
the increased RV output [6]. After closure of the 
defects, strain and strain rates decrease [7], 
maybe to even lower than normal values [8]. In a 
long-term follow-up study of patients with 

repaired ASDs, mild RV dysfunction was found 
in 25% of patients with secundum ASD and 50% 
of patients with sinus venosus ASD [10]. Also 
tricuspid annular plane systolic excursion 
(TAPSE) and fractional area change (FAC) were 
decreased in 22% and 10% of the patients, 
respectively. These data indicate long-term 
effects of increased preload on the RV despite 
normalization of the loading conditions.

In summary, increased preload of the RV due 
to a shunt or valvular insufficiency induces RV 
dilatation that is usually well tolerated for a long 
time. Increased pulmonary blood flow in cardiac 
shunts may change the phenotype to increased 
afterload. RV dilatation is associated with 
increased apical deformation during volume 
loading which decreases after unloading. RV 
function remains mildly impaired even years 
after closure of the defect.

 Tetralogy of Fallot

Tetralogy of Fallot (TOF) is one of the most com-
mon forms of cyanotic CHD, accounting for 
3.5% of infants born with CHD.  TOF has first 
been described by Niels Stensen in 1661, but was 
recognized as its tetrad by Etienne-Louis Fallot 
in 1888 [11]. The tetrad consists of a pulmonary 
stenosis, ventricular septal defect, overriding of 
the aorta over the ventricular septal defect, and 
RV hypertrophy, due to the increased afterload of 
the RV (Fig. 13.2a). Although this description is 
straightforward, it should be recognized that the 
degree of pulmonary stenosis and subsequent 
development of the pulmonary artery varies 
widely, leading to a continuum of this disease 
with pulmonary atresia with VSD. The tetrad is a 
result of an anterior deviation of the outlet septum 
leading almost always to a combination of 
subvalvular muscular obstruction as well as 
underdeveloped pulmonary valve area. The 
morphological aspect of the RV outflow tract is 
being recognized increasingly as an important 
determinant of residual lesions after surgical 
correction. TOF may be associated with 
peripheral pulmonary stenosis of the PA branches.
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 Historical Perspective

The majority of the current-age survivors were 
treated at later age as open-heart surgery was 
only available since the 1950s. Since then, with 
the improvement of perioperative cardiopulmo-
nary bypass techniques and intensive care treat-
ment, survival in the newborn period has 
increased to 98%. Also, the timing of surgery has 
shifted from 2–5  years of age in the 1980s to 
3–9 months of age at present. With the growing 
numbers of adult survivors of TOF it became 
obvious that residual lesions with clinical rele-
vance were associated predominantly with the 
right ventricular outflow tract (RVOT) recon-
struction. The adult population should be divided 
according to the treatment era and age of surgical 
correction. The residual lesions and long-term 
follow-up are characterized by:

 1. Pulmonary incompetence
 2. RVOT dyskinesia

 3. Restrictive RV
 4. RV/LV interaction
 5. Arrhythmias and risk of sudden death

 Pulmonary Incompetence

Pulmonary regurgitation is a result of the need 
for relief of outflow tract obstruction caused by 
the subvalvular muscular obstruction, the ste-
nosed pulmonary valve, and the supravalvular 
stenosis. To relief these obstructions a so-called 
transannular patch is used which immediately 
results in incompetence of the pulmonary valve 
(Fig.  13.2b). At first, the residual pulmonary 
regurgitation was thought to be innocent but 
long-term survival has shown that pulmonary 
regurgitation is not a benign lesion [12]. As an 
alternative, valve-sparing surgery can be per-
formed in cases with adequate pulmonary artery 
size. Valve-sparing surgery was shown to result 
in less RV dilatation [13].
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Fig. 13.2 (a) Characteristics of the tetralogy of Fallot. 
(b) Schematic representation of correction surgery lead-
ing to PI due to patch enlargement of the RV outflow tract. 
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The response of the RV to the additional volume 
load is RV dilatation, which in itself is an adapta-
tion rather than a sign of failure and occurs already 
shortly after Fallot repair (Table  13.2) [14]. RV 
dilatation is usually associated with increased tra-
beculation, which may complicate determination 
of RV volumes with CMR.  Therefore, recently 
quantifications using a semiautomatic threshold-
based algorithm excluding the trabeculae have 
been developed. These algorithms are quick and 
reliable in tracing RV volumes in corrected Fallot 
patients [15–17]. RV dilatation is invariably associ-
ated with worse outcome [18], reduced exercise 
performance [19–21], and arrhythmias [18]. 
Pulmonary regurgitation reduces power efficiency 
of the RV.  The RV power loss increases with 
increasing RV end-diastolic volume [22].

There is increasing attention for sex differ-
ences in cardiac physiology and pathophysiol-
ogy. In children, healthy boys were recently 
shown to have higher left and right ventricular 
volumes and mass compared to girls [23, 24]. 
Right ventricular adaptation to volume overload-
ing is better in females compared to males. In 

corrected Fallot patients males have higher RV 
volumes and masses and lower RV ejection frac-
tion compared to females [25]. To date, these sex 
differences are not accounted for in guidelines on 
congenital heart disease, including decision- 
making on pulmonary valve replacement in cor-
rected Fallot patients. Current data ask for an 
amendment of these guidelines to include sex- 
specific treatment criteria.

Surprisingly, strategies to prevent RV dilatation 
using either volume-reducing surgery [35] or valve 
replacement have provided disappointing results 
in improving the outcome [36]. Also, treatment 
with angiotensin-converting enzyme antagonists 
or angiotensin receptor blockers did not change 
RV dilatation or outcome [30, 37]. Timing of vol-
ume reduction is thought to be an important factor 
in the potential to normalize RV function or out-
come [36]. Alternatively, volume loading per se 
may not be the only aspect of the RV dysfunction 
in corrected Fallot. Other factors affecting RV dys-
function are RV deformation, dyssynchrony or 
chronotropic incompetence, restrictive physiol-
ogy, and RV-LV interaction [38, 39] (Fig. 13.2c).

Table 13.2 CMR-derived RV volumes in patients with corrected tetralogy of Fallot

Author N Age at study
Age at 
surgery RV EDVi RV ESVi RV SVi RV EF (%)

Roest et al. [21] 15 17 ± 3 2 ± 2 132 ± 36 62 ± 26 69 ± 16 54 ± 9
Van Den Berg 
et al. [26]

36 17 (7–23) 0.9 ± 0.5 138 ± 40 64 (36–145) 66 ± 15 49 ± 7

Fernandes  
et al. [27]

33 12 ± 3 17 ± 16 157 ± 39 – – 49 ± 9

Frigiola et al. [28] 60 22 ± 11 3 ± 5 142 ± 43 73 ± 33 40 ± 10 51 ± 10
Knauth et al. [29] 88 24 (10–57) 3 (0–30) z-score 3.9 (3.2) 66 ± 33 – 48 ± 12
Babu-Narayan 
et al. [30]

32 29 ± 9 5 ± 6 123 ± 30 58 ± 21 65 ± 16 53 ± 9

Bonello et al. [31] 154 31 (22–40) 4.5 (2–8) 127 (102–148) 58 (45–75) 66 (55–76) 53 (47–58)
Greutmann  
et al. [32]

101 33 ± 12 5 (0.5–36) 158 ± 51 – – 41 ± 8

Davlouros  
et al. [33]

85 33 ± 15 9 (0.5–50) 116 ± 33 56 ± 24 60 ± 18 52 ± 9

Kempny  
et al. [34]

21 36 (29–46) 7 (4–8) 140 ± 36 77 ± 26 42 ± 9 45 ± 10

Hagdorn et al. 
females [25]

157 24 [10–53] 1.4 
[0–11.0]

114.4 
[94–131.1]

52.5 
[41.4–66.8]

– 52.3 
[46.4–57.3]

Hagdorn et al. 
males [25]

163 23 [16–34] 1.3 
[0–13.0]

122.5 
[99.5–151.4]

64.4 
[48.1–79.7]

– 47.7 
[42.8–54.1]

Data are mean ± standard deviation or median and (range) or [interquartile range]. Age is in years. Volumes are in ml/m2

EDV end-diastolic volume, ESV end-systolic volume, SV stroke volume, EF ejection fraction
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 RV Motion: A Gradient from Base 
to Apex

The wall motion of the RV can be described by 
echocardiography using longitudinal displace-
ment and transversal displacement. Longitudinal 
displacement is reduced [40] already in child-
hood. Global longitudinal strain is also reduced 
and reduces further despite stable ejection frac-
tion (EF) suggesting that this may be a marker for 
the timing of interventions, even though the 
effect of for instance pulmonary valve replace-
ment on strain and myocardial deformation is 
uncertain [41–43]. Apart from a global decrease 
in longitudinal motion, there is also a gradient in 
transversal motion from base to apex. The RV 
can be divided into segments ranging from base 
to apex. Regional deformation imaging has 
shown reduced strain rates in all segments, in 
patients with Fallot as compared with controls or 
with, e.g., ASD [27, 44, 45]. However, in patients 
with Fallot, strain rates in the apex are more 
affected than those at base [46]. The apex of the 
RV contributes to more than half of the stroke 
volume and possibly failure of the apical region 
may contribute to RV failure.

 RVOT Akinesia and Dyskinesia

Due to the extensive surgery the motion of the 
RVOT may be disturbed, leading to either RV 
akinesia or RV dyskinesia. RVOT akinesia is 
defined as the lack of thickening during systole, 
whereas dyskinesia (“aneurysm”) is defined as 
an outward movement of the RVOT during sys-
tole. In a study of patients with “late repairs” 
(age of repair median 9 years), Davlouros et al. 
showed that RV akinesia/dyskinesia was present 
in ~55% of the patients and was an independent 
predictor for increased RV end-diastolic volume 
apart from pulmonary regurgitation [33]. RVOT 
dyskinesia may hamper proper interpretation of 
RV function [47]. The reduced performance of 
the RVOT may be the result of the reduced RV 
EF measured in many Fallot patients [48]. RV 

EF, however, is a poor prognosticator as it is the 
ratio of RV end- diastolic volume and stroke vol-
ume; hence even when SV is maintained or 
enhanced EF may be lower. RVOT dyskinesia 
not only hampers interpretation and volumetric 
assessment but also predicts the risk for ventric-
ular arrhythmias [31], maybe due to scar tissue 
from surgery.

 Dyssynchrony and RV-LV Interaction

RV dyssynchrony is almost always present after 
TOF correction due to the right bundle branch 
block related to VSD closure. The QRS duration 
prolongation caused by this block as well as 
residual volume loading has been shown to be an 
independent risk factor for the development of 
arrhythmias [49, 50]. Furthermore, RV dyssyn-
chrony is associated with RV dilatation, reduced 
exercise capacity, and RV systolic dysfunction in 
children after Fallot repair [51, 52]. It should be 
noted that these studies include patients that were 
corrected at older age. It is unknown if these rela-
tions will hold in the cohort of patients corrected 
<1 year of age.

The QRS prolongation induces interventricu-
lar RV dyssynchrony although this effect may be 
limited. TOF is also invariably associated with 
intraventricular dyssynchrony, of which as yet no 
uniform definition is given. However, so far stud-
ies looking at the contribution of intraventricular 
dyssynchrony to RV dysfunction have yielded 
conflicting results [53–55]. Hence, although dys-
synchrony is described in corrected Fallot’s, its 
relation with RV adaptation and failure is yet 
unclear.

Adverse RV-LV interaction is an integral part 
of patients with TOF. It is hypothesized to arise 
from a combination of electrical dyssynchrony, 
shared septum and myocardial fibers, and geo-
metric interactions leading to impaired LV func-
tion in Fallot patients. LV dysfunction has been 
associated with more severe pulmonary regurgi-
tation and RV dilatation, possibly interfering 
with LV filling [13].
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 Restrictive RV Physiology

One of the hallmarks of the RV in patients after 
correction of TOF is the so-called restrictive physi-
ology, first described by Gatzoulis [56]. A restric-
tive RV is defined as an antegrade flow in the 
pulmonary artery during diastole throughout the 
cardiac cycle. In the first description it was associ-
ated with less RV dilatation and improved exercise 
performance, although this view has been corrected 
by later research. Recently, long- term follow-up 
from the same group did not show an advantage of 
restrictive RV on the prevention of RV dilatation or 
exercise performance. Indeed, using dobutamine 
stress it has been shown that a restrictive RV leads 
to worsening of RV filling during cardiac stress 
[26]. The mechanisms of the diastolic dysfunction 
are unknown. It is suggested to be related to cardiac 
fibrosis, which is increased in patients with TOF 
[57]. Alternatively, it may be related to RV dilata-
tion itself as dilated chambers operate at a steeper 
part of the pressure- volume relation leading to 
increased stiffness [58]. Restrictive RV physiology 
has recently also been associated with worse LV 
function, another component of patients with TOF 
[59]. It is speculated that it may interfere with LV 
filling, but further studies are necessary to elucidate 
the mechanisms of the restrictive RV.

 Outcome and Risk Factors

In the tetralogy of Fallot, adverse outcomes 
include mortality and arrythmias, of which the 
latter is also associated with increased morbidity 
and mortality. Multiple risk factors for adverse 
outcome in TOF patients have been identified, 
including classical and newly identified predict-
ing parameters. Among the classic parameters, 
prolonged QRS duration, RV dilatation, fibrosis, 
and mass have been associated with worse sur-
vival and occurrence of late arrhythmias [29, 49, 
57]. Furthermore, LV dysfunction may be a pre-
dictor of adverse outcome and arrythmias, albeit 
a late one [27, 60–62]. Newer parameters include 
RV strain, LV fibrosis, LV strain, QRS fragmen-
tation, and RV focal scar size [60, 63–66].

In summary, tetralogy of Fallot before correction 
imposes an increased afterload on the RV, but the 
majority of problems of RV dysfunction arise 
years after correction and are mainly associated 
with additional volume loading to the pulmonary 
regurgitation. Specific features adding to RV dys-
function in this lesion are RVOT dyskinesia, 
reduced apical deformation, dyssynchrony, and 
restrictive physiology.

 The Systemic RV

In specific congenital heart diseases, the RV sup-
ports the systemic circulation rather than the low- 
resistance pulmonary circulation, phrased as a 
systemic RV.  As the systemic circulation has a 
higher resistance, the RV has to increase its 
power in order to maintain cardiac output. 
Congenital heart defects associated with a sys-
temic RV can be distinguished into two major 
phenotypes, i.e., the systemic RV in a biventricu-
lar circulation vs. the systemic RV in a univen-
tricular circulation.

A systemic RV in a biventricular circulation 
either occurs naturally in the congenitally cor-
rected transposition of the great arteries (ccTGA) 
or is a result of treatment in patients with a trans-
position of the great arteries after the atrial switch 
procedure (TGA-as) (Fig.  13.3a, b). Before the 
1990s, palliation in TGA was achieved by rerout-
ing the venous circulations using the procedure 
described by Senning or that by Mustard [3], 
leaving the RV coupled to the systemic circula-
tion. In the 1990s, the atrial switch operation has 
been replaced by the arterial switch operation, 
which switches the pulmonary artery back to the 
RV and the aorta to the LV. The arterial switch 
operation creates a more physiological solution, 
as the LV is now again coupled to the systemic 
artery. However, at present there are still many 
adult survivors of the atrial switch procedure 
with a systemic RV.

A systemic RV in a univentricular circulation 
occurs in the growing group of survivors with a 
hypoplastic left-heart syndrome, or other univen-
tricular malformations with a dominant RV.
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 The Systemic RV in a Biventricular 
Circulation: ccTGA and TGA-Senning/
Mustard

ccTGA is frequently complicated by associated 
lesions, which profoundly affect clinical course. 
The most prevalent are pulmonary stenosis and/
or a ventricular septal defect. Whereas a pulmo-
nary stenosis (which in this situation forms an 
increased afterload for the LV) is generally well 
tolerated by the LV, a VSD leads to a volume load 
of the subaortic ventricle, which is the RV, and 
may cause signs and symptoms of congestive 
heart disease. Also, patients with ccTGA are 
prone to develop AV block, due to the anterior 
deviation of the atrioventricular node [2]. 
Atrioventricular block is prevalent without sur-
gery and is a common complication of surgical 
procedures in patients with ccTGA [67, 68].

The natural history of ccTGA is characterized 
by a relatively long period of RV adaptation to the 
increased afterload which is present from birth, 
but eventually RV dysfunction appears in all 
patients [67]. However, RV dysfunction occurs 
earlier in patients with associated lesions. In the 
largest cohort series described so far, at the age of 
45 years 67% of the patients with complex ccTGA 
vs. 25% of the patients with simple ccTGA had 
signs of RV dysfunction [67]. In other cohorts, pri-
marily determined by surgical patients, the overall 
picture is similar [68]. It is yet unknown why 
patients with associated lesions have a worse prog-
nosis but suggestions are chronotropic incompe-
tence due to damage of AV node and myocardial 
damage during cardiac surgery. It should be noted 
though that patients with a systemic RV, hence an 
RV that has not been unloaded after birth, gener-
ally tolerate this pressure load quite long, while 
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patients with idiopathic pulmonary hypertension, 
hence an acquired loading condition, develop RV 
failure in a much shorter time interval.

 TGA and Atrial Switch

The natural history of TGA after atrial switch pro-
cedure (TGA-as) either via a Mustard or a Senning 
operation is like that of the ccTGA determined by 
RV dysfunction, albeit it usually arises earlier than 
in ccTGA [69]. Long-term follow-up studies show 
that after 25 years 61% of the patients had RV dys-
function shown by echocardiography [70]. 
Outcome may improve with improved surgical 
protection of the myocardium as a more recent 
study found that RV EF >40% was found in 98% of 
survivors with simple TGA-as. However, in com-
plex TGA-as, RV EF >40% was found in only 58% 
of the survivors. Complicating factors are loss of 
sinus rhythm in >60% of the patients and develop-
ment of supraventricular arrhythmias [68, 71].

In ccTGA and TGA-as alike, RV dysfunction 
is a final common pathway of the RV coupled to 
the systemic circulation. Factors associated with 
RV dysfunction are:

 1. Tricuspid insufficiency
 2. RV dyssynchrony
 3. Response to exercise

 RV Dysfunction in Systemic RV

Evaluation of RV failure is via clinical assess-
ment of signs and symptoms. In adults with isch-
emic heart disease, the NYHA classification of 

heart failure has been invaluable in analyzing and 
stratifying patients at risk. However, in adults 
with CHD there is dissociation between com-
plaints and functional values measured with 
CMR or exercise testing [72]. In adults with 
CHD, 15% of the patients in NYHA class I fulfill 
HF criteria defined as increased NT-proBNP and 
peak exercise capacity <25 ml/kg/min [72].

Apart from perceived status of heart failure, 
RV function can be serially assessed by echocar-
diography and CMR.  CMR is regarded as the 
gold standard for the evaluation of RV function in 
patients with CHD [73], as it is best suited to 
quantify RV volume. As in patients with Fallot, 
exclusion of trabeculae yields the most reliable 
and reproducible RV volumes [74]. Care should 
be taken when comparing volumes between stud-
ies since scanning tools and protocols differ 
between centers.

A wide range of RV volumes and EF are 
reported when studying patients with systemic 
RVs (Table  13.3). The question is whether RV 
dilatation is an adaptive strategy, as is frequently 
described in animal models of increased pressure 
load [6, 9], or a sign of decompensation. At pres-
ent there is no answer to that question, but in gen-
eral severe RV dilatation is regarded as a sign of 
failure. Indeed, recently an RV end-diastolic vol-
ume of >150 ml/m2 has been suggested to be a 
predictor for adverse events in a follow-up study 
of patients with both ccTGA and TGA-as [75]. 
The use of RV EF as predictor may be less accu-
rate as it is influenced by tricuspid insufficiency 
and tricuspid insufficiency is invariably present 
in patients with systemic RVs [67].

Apart from CMR, 2D echocardiography of 
RV dimensions and wall motion has been used, 

Table 13.3 RV volumes in systemic RVs

Author N Cohort Age at study RV EDVi RV ESVi RV SVi RV EF (%)
Van Der Bom et al. [75] 88 All 33 ± 10 133 ± 35 86 ± 31 – 36 ± 7
Fratz et al. [76] 11 ccTGA 37 (6–59) 91 (60–208) 51 (14–96) 41 (28–59) 44 (20–75)
Grothoff et al. [69] 19 ccTGA 35 (19–49) 99 (65–134) 51 (37–56) 47 (36–65) 47 (43–55)
Fratz et al. [76] 12 TGA-as 20 (15–28) 98 (59–198) 54 (21–159) 45 (34–58) 47 (24–78)
Grothoff et al. [69] 31 TGA-as 22 (18–27) 95 (79–118) 49 (45–76) 36 (31–45) 41 (31–49)
Roest et al. [73] 27 TGA-as 26 ± 5 155 ± 55 70 ± 34 85 ± 26 56 ± 7
Pettersen et al. [77] 14 TGA-as 18 ± 1 119 ± 39 63 ± 26 – 47 ± 8

Data are mean ± standard deviation or median and (range). Age is in years. Volumes are in ml/m2

EDV end-diastolic volume, ESV end-systolic volume, SV stroke volume, EF ejection fraction
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reviewed in [42]. However, traditional measure-
ments of RV motion, as TAPSE and FAC, corre-
late poorly with RV function in systemic RV as 
assessed by CMR [78].

Valuable insight into mechanisms of RV adap-
tation to increased afterload comes from studies 
combining both tissue Doppler imaging measure-
ments by echocardiography and 3D volume mea-
surements by CMR [77]. The contraction pattern 
in a normal RV shows a peristaltic wave begin-
ning in the inflow region and moving toward the 
infundibulum [79, 80]. There are two major 
movements in a normal RV, an inward movement 
of the RV free wall, leading to a bellows effect, 
and a longitudinal movement from apex to base 
[81]. In the normal RV the longitudinal movement 
and strain exceed those of the circumferential 
fibers. In the systemic RV, this pattern is reversed, 
i.e., circumferential strain exceeds longitudinal 
strain, resembling normal LV movements 
(Fig. 13.3c). However, both strain and strain rates 
were lower than those in the LV. The reversal of 
strain patterns in the systemic RV vs. the normal 
RV has been confirmed by several echocardio-
graphic studies [82]. Recently, a decrease in 
global RV strain by 10% has been shown to pre-
dict adverse events in adults with TGA-as [83].

Also, in contrast with the LV, the systemic RV 
does not develop torsion. Torsion, the angle between 
the rotation at the base vs. apex, contributes to LV 
emptying by producing a wringing motion as well 
as to LV filling during elastic recoil. The functional 
significance of these findings is not yet completely 
understood, since these observations were made in 
a population with relatively normal CMR measure-
ments [77]. It is unclear whether these adaptation 
patterns are due to chronic abnormal loading or 
myocardial perfusion defects. In the normal RV 
myocardial perfusion via the right coronary artery 
occurs both during systole and diastole. However, in 
the systemic RV, myocardial perfusion is substan-
tially changed which may affect function or induce 
fibrosis or scarring. Perfusion defects have been 
shown by several studies [84, 85]. Also, coronary 
flow reserve was reduced [86, 87]. The increased 
perfusion defects were associated with worse RV 
function [85], although these results have been 
debated in recent years [76].

It has been postulated that impaired perfusion 
together with increased demand may lead to isch-
emic events and subsequently scar forming and/
or cardiac fibrosis. Cardiac fibrosis has been 
extensively shown in patients with systemic RVs 
[57, 88], and is related to decreasing RV function 
and worse outcome [89]. Fibrosis may also be the 
results of increased RV wall stress [85]. Whether 
these factors are amenable for therapeutic strate-
gies remains to be determined.

 Tricuspid Insufficiency

Tricuspid insufficiency (TI) is almost invariably 
present in late survivors with a systemic RV. The 
question is whether TI is either a result of RV 
dysfunction, due to annular dilatation, or the 
cause for RV dysfunction, leading to an addi-
tional volume load in an already pressure-loaded 
RV [6]. TI is influenced by the morphology of the 
valve, the annular dilatation, and the septal move-
ment. In a systemic RV, where the septum bulges 
to the LV, the TI may increase. Indeed, patients 
with a subpulmonary stenosis have less TI.  In 
ccTGA, the tricuspid valve is often dysplastic 
and in this setting TI precedes the development of 
RV dysfunction [90]. In TGA-as the relation 
between TI and RV dysfunction is less clear. 
Tricuspid valve surgery may stabilize RV func-
tion and results in better outcome than tricuspid 
valve replacement [91, 92]. However, tricuspid 
valve surgery is associated with an important risk 
of mortality.

 Dyssynchrony

Deformation imaging has suggested that RV dys-
function is associated with RV dyssynchrony [93, 
94]. Moreover, patients with dyssynchrony had 
more RV dilatation and reduced RV EF and exer-
cise capacity. Increased dyssynchrony may pro-
vide treatment opportunities, such as 
resynchronization, which has been shown to 
improve right ventricular function, albeit in series 
with small numbers of patients with systemic RV 
[95–97].
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 Response to Exercise/Stress

More information may be derived from the RV 
response to stress such as exercise or dobutamine 
stress. Exercise capacity is generally lower in 
patients with CHD as compared with age- 
matched controls [39]. Likewise, in systemic 
RVs, though a wide range of peak VO2 is reported, 
the average is about 66% of expected normal val-
ues [98]. There may be several reasons for the 
impaired exercise tolerance:

 1. Impaired increase in contractility
 2. Impaired RV filling
 3. Chronotropic incompetence
 4. Lung function

Several studies reported that patients with a sys-
temic RV can increase cardiac output during 
exercise or dobutamine stress [73, 76, 99, 100]. 
The ability to increase contractility, measured by 
ESPVR, in the systemic RV appears to be nor-
mal. In contrast, the ventricular filling rate 
decreases in patients with TGA-as, whereas it 
increases in normal individuals [73, 99]. The 
reduced atrial filling rate during exercise/stress is 
more prominent in TGA-as than in ccTGA and is 
attributed to the extensive atrial surgery. During 
follow-up a mild baffle obstruction is frequently 
encountered [71], which may have profound 
effects on ventricular filling especially when 
heart rate increases.

Besides a reduced atrial filling, also chrono-
tropic incompetence may play a role in reduced 
exercise capacity. Few patients with ccTGA or 
TGA-as are in normal sinus rhythm, there is a 
high rate of atrioventricular block, and many 
patients are chronotropic incompetent. Although 
these issues all may add, increasing chronotropic 
response via advanced pacing strategies did not 
improve exercise capacity [101]. In contrast, in a 
trial study using beta-blocker therapy, a lower 
heart rate during exercise was associated with 
better filling properties and improved exercise 
capacity [102], suggesting reverse relation 
between heart rate and output in systemic RVs. 
These observations underline the importance of 
abnormal filling patterns during stress in sys-

temic RV, most prominent in TGA-as. The 
response to stress can be predictive for outcome 
in the systemic RV [75, 102]. Hence, exercise 
capacity is reduced and may reflect outcome 
though not directly related to intrinsic myocar-
dial dysfunction.

 Treatment Options

In the patient with heart failure due to ischemic 
heart disease, the cornerstones of treatment are 
angiotensin-converting enzyme (ACE) inhibitors 
or angiotensin receptor blockers (ARB), beta- 
blockers, and diuretics. In patients with heart fail-
ure due to systemic RV failure these therapies 
appear to be less effective.

Small series testing ACE inhibitors did not 
find any effects on RV EF, exercise capacity, or 
quality of life [103–105] (Table 13.4). The lack 
of effect was supposedly due to the relative lack 
of heart failure in these subjects and low levels of 
neurohormonal activation. Two small trials of 
angiotensin receptor blockade showed different 
results [106, 107]. However, in a recent large ran-
domized trial, comprising 88 patients with 
ccTGA or TGA-as no significant effect was 
found on RV EF, the primary endpoint, after 
3 years of follow-up [108]. Neither was there an 
effect on peak VO2 or quality of life. The authors 
found a significant difference in the change of RV 
volumes, although RV volumes at the end of the 
study were not different between the groups 
(270 ± 77 ml in Valsartan vs. 259 ± 85 ml in pla-
cebo group). Hence there appears to be no benefit 
of ARB or ACE, findings that were recently also 
confirmed in an animal model of increased RV 
afterload [109]. A recent systematic review con-
firms no change in EF, ventricular dimensions, or 
peak VO2 after 3 months of ACE or ARB treat-
ment [110]. It was however noted that conclusive 
evidence is still lacking due to methodological 
limitations and small sample sizes in the cur-
rently available studies [110].

Beta-blocker therapy has not yet been evalu-
ated in a large randomized trial. Beta-blocker 
therapy has been shown to be successful in rats 
with increased afterload [118]. In a small non- 
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randomized study in eight patients with systemic 
RVs, that were concomitantly treated with ACE 
inhibitors, Giardini et  al. found an increase in 
exercise duration and RV EF and a decrease in 
RV volumes [113]. Possibly, lower heart rates 
improved RV filling, thereby accounting for the 
improvements. It should be noted though that all 
patients also received ACE, and that two patients 
did not tolerate the adequate dosage. One other 
small study also reported positive effects in the 
prevention of RV remodeling [114]. Further stud-
ies into the efficacy of beta-blockade in systemic 
RVs are warranted.

 Pulmonary Artery Banding 
and Double Switch

Historically it was recognized that patients with a 
pulmonary stenosis in the setting of ccTGA fared 
better, maybe due to less TI or better RV perfor-
mance when increasing septal pressure. Hence, 
pulmonary artery banding has been used as a 
strategy to support a failing circulation. Originally 
the idea was that after retraining the LV, the atrial 
switch procedure could be combined with an 
arterial switch procedure (double switch) so that 

the LV is again connected to the systemic circula-
tion. However, many adult patients with heart 
failure did not reach the double-switch proce-
dure, but were adequately supported by pulmo-
nary artery banding. Indeed, in an animal model 
of increased RV afterload, additional aortic con-
striction also improved RV function [119]. The 
reason for this increase is incompletely under-
stood, but the interaction of the ventricular sep-
tum with RV contraction appears to play a role.

 The Systemic RV in Hypoplastic 
Left-Heart Syndrome

Before the introduction of the Norwood proce-
dure, hypoplastic left-heart syndrome (HLHS) 
was generally fatal shortly after birth. Overall 
survival of children with HLHS has greatly 
improved over the last decades. The current 
1-year survival rate has been reported to be 
around 60%, whereas 90% of the patients that 
have survived the first year are reported to sur-
vive up to 18 years of age [120]. These improved 
survival rates will lead to a growing number of 
patients with palliated HLHS. On the other hand, 
prenatal screening with the possibility of preg-

Table 13.4 Effects of medical treatment in systemic RV

ccTGA/
TGA-as Medication Study design N

Follow-up 
(months)

RV 
EF

VO2 
peak

NYHA- 
class

Beta-blockers
Lindenfeld et al. (2003) [111] ccTGA Carvedilol Prospective 1 7 ↑ NA NA
Josephson et al. (2006) [112] TGA-as Various Retrospective 8 36 NA NA ↑
Giardini et al. (2007) [113] Both Carvedilol Prospective 8 12 ↑ = ↑
Doughan et al. (2007) [114] TGA-as Various Retrospective 31 4 NA NA ↑
Bouallal et al. (2010) [115] Both Various Prospective 14 13 = = ↑
ACE inhibitor
Hechter et al. (2001) [103] TGA-as Various Retrospective 14 24 = = NA
Robinson et al. (2002) [104] TGA-as Enalapril Prospective 9 12 =a = NA
Therrien et al. (2008) [105] TGA-as Ramipril Prospective 17 12 = = NA
Tutarel et al. (2012) [116] TGA-as Enalapril Retrospective 14 13 NA = =
ATII antagonist
Lester et al. (2001) [107] TGA-as Losartan Prospective 7 2 ↑ NAb NA
Dore et al. (2005) [106] Both Losartan Prospective 29 4 =a = NA
Van Der Bom et al. (2013) 
[108]

Both Valsartan Prospective 88 36 = = =

Data included from Winter et al. [117]
aEF determined by echocardiography instead of CMR
bPositive effect on exercise duration
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nancy termination could change the incidence of 
HLHS at live birth. Both these developments are 
expected to significantly affect HLHS epidemiol-
ogy [121].

In a univentricular circulation the systemic 
ventricle is chronically volume overloaded, 
whereas after Fontan completion preload is sig-
nificantly reduced. Both these phenomena lead to 
systemic ventricular systolic and diastolic dys-
function. In HLHS the right ventricle provides 
the systemic circulation and as such is addition-
ally pressure overloaded. RV morphology in a 
univentricular circulation was shown to be a risk 
factor for worse outcome compared to LV mor-
phology, due to RV failure [122].

Long-term morbidity for palliated HLHS 
includes exercise intolerance, high systemic 
venous pressures, hepatic dysfunction, thrombo-
embolic events, protein-losing enteropathy, plas-
tic bronchiolitis, and recurrent arrhythmias. 
Tricuspid valve insufficiency may develop due 
to congenital tricuspid valve abnormalities or 
malcoaptation due to right ventricular enlarge-
ment. Tricuspid valve regurgitation further com-
promises the systemic RV performance due to 
progressive RV dilatation and dysfunction [123]. 
Early in the disease course, larger RV end- 
diastolic and -systolic volumes and decreased 
RV function are associated with the failure of 
bidirectional cavopulmonary connection (stage 2 
palliation) [124]. Furthermore, echocardio-
graphic parameters reflecting RV function are 
predictive of mortality and are needed for heart 
transplantation during follow-up [125]. Due to 
the multifactorial etiology of Fontan failure, 
treatment of patients with failing Fontan remains 
difficult.

 The RV in PAH Associated with CHD

PAH is a frequent and severe complication of 
CHD [126]. It is characterized by pulmonary vas-
cular disease that is reversible at early stages, but 
in time progresses to intrinsically progressive 
disease [127]. According to current pulmonary 
hypertension guidelines, CHD-associated PAH 
(PAH-CHD) can be classified into four different 

subgroups: (1) Eisenmenger’s syndrome, (2) 
PAH associated with systemic-to-pulmonary 
shunts, (3) PAH with small/coincidental defects, 
and (4) PAH after congenital heart defect correc-
tion [128]. PAH associated with systemic-to- 
pulmonary shunts (group 2) includes patients 
with significant intra- or extracardial left-to-right 
shunting leading to progressive pulmonary vas-
cular disease. At a later disease stage, due to pro-
gressive pulmonary vascular disease, the 
pulmonary vascular resistance will supersede 
systemic vascular resistance. At that stage the 
left-to-right shunt will reverse to right-to-left 
shunting and is classified as Eisenmenger’s syn-
drome (group 1 PAH-CHD). In contrast, persist-
ing PAH in patients in whom the shunt defect is 
closed is classified as group 4 PAH (PAH after 
defect correction). Group 3 PAH-CHD includes 
patients with small/coincidental heart defects that 
do not account for the development of PAH.

In congenital heart disease patients with left- 
to- right shunting, we can distinguish pre- tricuspid 
versus post-tricuspid shunting. Pre-tricuspid 
shunts will lead to increased pulmonary blood 
flow and right ventricular volume overloading, 
whereas nonrestrictive post-tricuspid shunts lead 
to increased pulmonary blood flow with pulmo-
nary arterial pressure overload and left ventricu-
lar volume overloading. PAH will develop more 
rapidly in nonrestrictive post-tricuspid shunts 
than in pre-tricuspid shunts. As PAH progresses 
the RV becomes more pressure loaded in both 
instances.

As pulmonary vascular resistance increases, 
left-to-right shunting (and ventricular volume 
overload) will decrease and eventually reverse to 
right-to-left shunting (Eisenmenger’s syndrome). 
The right-to-left shunt provides a natural ability 
to unload the RV.  In patients with pre-tricuspid 
shunts, right-to-left shunting reduces RV preload 
and volume overload, whereas right-to-left shunt-
ing in patients with post-tricuspid shunts (and 
suprasystemic pulmonary vascular resistance) 
reduces RV afterload. The effect of afterload 
reduction seems to be more beneficial, since 
Eisenmenger patients with post-tricuspid shunt 
have better outcome, compared to those with pre- 
tricuspid shunts.
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In contrast, patients with corrected heart 
defects do not have the ability of RV unloading. 
In these patients PAH seems to be more rapidly 
progressive, with earlier RV failure and death. In 
PAH with small/coincidental defects there is usu-
ally no abnormal RV loading before PAH devel-
ops and these patients behave more like idiopathic 
PAH patients.

Another major difference between 
Eisenmenger’s syndrome and all other forms of 
PAH in CHD is the long-lasting hypoxemia due 
to the right-to-left shunt. The hypoxemia induces 
polycythemia and hyperviscosity, an increased 
risk for thrombosis which in the presence of the 
shunt can give rise to arterial emboli and can 
induce systemic organ dysfunction [126, 129].

The increased afterload to the RV caused by 
PAH is generally well tolerated for many years in 
a subset of patients. Indeed, these survivors 
reaching adulthood have led to the impression 
that an Eisenmenger’s syndrome is less severe of 
a loading condition than isolated pulmonary 
hypertension itself [130]. However, this observa-
tion is skewed by the survival bias, as in child-
hood 5-year survival of patients with PAH due to 
CHD does not differ much from iPAH [131, 132]. 
Other differences between PAH-CHD in pediat-
ric versus adult cohorts are the better preserved 
RV function at diagnosis and less syncope at pre-
sentation [132, 133]. Again, the observation is 
that a RV that is not unloaded at birth (due to a 
congenital heart defect) may be better able to tol-
erate pressure and/or volume load than an 
unloaded RV that is suddenly confronted with 
increased afterload as iPAH.  This suggests that 
the RV has a regenerative capacity that so far is 
unexplored.

 Summary

The RV in CHD poses a challenge for the cardi-
ologist to evaluate and dissect the mechanism of 
RV adaptation and (dys)function as well as to 
treat RV failure. Many CHD lead to abnormal 
loading conditions of the RV, i.e., increased pre-
load, increased afterload, or a mixture of both. 
Moreover, every lesion has specific features lead-

ing to RV dysfunction, which is a main predictor 
of adverse outcome. Lesions with increased pre-
load of the RV due to a shunt or valvular insuffi-
ciency induce RV dilatation that is usually well 
tolerated for a long time. Increased pulmonary 
blood flow in cardiac shunts leading to PAH may 
change the phenotype to increased afterload. RV 
dilatation is associated with increased apical 
deformation during volume loading which 
decreases after unloading. RV function remains 
mildly impaired even years after closure of the 
defect.

Tetralogy of Fallot before correction imposes 
an increased afterload on the RV, but the majority 
of the problems of RV dysfunction arise years 
after correction and are mainly associated with 
additional volume loading due to the pulmonary 
regurgitation. Specific features adding to RV dys-
function in this lesion are RVOT dyskinesia, 
reduced apical deformation, dyssynchrony, and 
restrictive physiology.

Lesions leading to increased afterload such as 
the systemic RV induce a switch to “LV-like” 
contraction pattern. However, the RV has no 
capability to develop torsion to support the adap-
tation. Although with a considerable “lag time,” 
RV failure eventually ensues and is associated 
with additional volume load via tricuspid insuf-
ficiency, remodeling associated with perfusion 
defects and fibrosis, reduced filling especially at 
higher heart rates, and dyssynchrony.

Current treatment strategies have not been 
effective in preventing or reducing RV failure in 
the RV in CHD.  New developments to support 
the RV may be resynchronization, supporting 
septal motion via pulmonary artery banding, and 
exploring the effects of beta-blocker therapy.
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Pulmonary Embolism

Angel López-Candales and Srikanth Vallurupalli

Abbreviations

aPE Acute pulmonary embolism
AUC Appropriate use criteria
BP Blood pressure
BNP Brain natriuretic peptide
CDMT Catheter-directed mechanical 

thrombectomy
CTEPH Chronic thromboembolic pulmonary 

hypertension
CTPA Computed tomographic pulmonary 

angiography
DVT Deep venous thrombosis
DOACs Direct-acting oral anticoagulants
ECG Electrocardiogram
ESLD End-stage liver disease
ESC European Society of Cardiology
FAC Fractional area change
IVS Interventricular septum
LV Left ventricle
LMWH Low-molecular-weight heparin
OR Odds ratio
PIOPED Prospective investigation of pulmo-

nary embolism diagnosis

PA Pulmonary artery
PERC Pulmonary Embolism Rule-out 

Criteria
PH Pulmonary hypertension
PVR Pulmonary vascular resistance
RHS Right-heart strain
RV Right ventricle
RVOT RV outflow tract
TTE Transthoracic echocardiogram
TAPSE Tricuspid annular plane systolic 

excursion
TR Tricuspid regurgitation
UFH Unfractionated heparin
VTI Velocity time integral
VTE Venous thromboembolism
V/Q scan Ventilation-perfusion scintigraphy
VKA Vitamin K antagonist

 Introduction

Acute pulmonary embolism (aPE) has perenni-
ally been considered one of the great masquerad-
ers in medicine. Even though PE might be 
considered both a common and ubiquitous disor-
der, presenting symptoms and signs are often 
nonspecific; therefore, a high index of clinical 
suspicion coupled with a detailed history and 
physical examination is invaluable when evaluat-
ing patients.

A wealth of clinical and laboratory data has 
linked the development of deep venous thrombo-
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sis (DVT) with thromboembolic potential that 
may result in aPE [1–11]. Representative duplex 
images of a normal popliteal vein (Fig. 14.1a, b) 
and acute DVT (Fig. 14.1c, d) as well as a chronic 
DVT (Fig. 14.2a, b) are shown for comparison. 
Even though DVT is the most common source of 
embolization resulting in aPE, additional sources 
for potential embolization are shown in Fig. 14.3. 
A more complete list of potential recognized 
sources of thromboembolism is given in 
Table 14.1.

Most patients with acute venous thromboem-
bolism (VTE) present with thrombosis in the legs 
as well as pulmonary thrombus at the time of 
diagnosis [12]. A high index of suspicion is 
required to recognize which patients are at risk of 
this otherwise deadly clinical entity. VTE is 
clearly recognized as a significant healthcare 
problem in the United States. It is estimated that 
900,000 cases of DVT and PE occur per year and 
approximately 300,000 deaths are attributed to 
VTE [13]. Therefore, better understanding of the 
mechanisms regulating venous thrombosis and 
clot resolution is critical.

Although thrombophlebitis or DVT of the 
lower limbs was first reported in ancient Hindu 
medicine writings around the year 800 BCE [14], 
subsequent descriptions of venous thrombogene-
sis were unclear and remained elusive. Our cur-
rent understanding of thrombus formation 
revolves around the well-described interplay of 
factors such as venous stasis, changes in the ves-
sel wall, and thrombogenic changes within the 
blood in order to result in VTE. Though Virchow 
coined the word embolism and made significant 
advances in our understanding of thrombosis, he 
never formally proposed this triad—a concept 
that first appeared in the medical literature almost 
100 years after his death [15].

It is estimated that the incidence of VTE in 
industrialized countries is 1–3 individuals per 
1000 per year [8, 16–18]. However, a dramatic 
increase in the risk of VTE then occurs in indi-
viduals older than 85 years to 8 per 1000 persons/
years, and for those over the age of 50 reaching as 
high as 1 in every 100 individuals annually [8]. 
These alarming statistics have led the United 
States Senate in 2005 to designate March as 

“DVT Awareness Month” followed by the 
Surgeon General’s call to action in 2008 to pre-
vent DVT and PE.

Anticoagulation is the mainstay of treatment 
of symptomatic VTE.  Anticoagulation prevents 
further thrombus deposition, allows established 
thrombus to undergo stabilization and/or endog-
enous lysis, and reduces the risk of interval recur-
rent thrombosis [12]. This chapter focuses on not 
only the pathophysiological and hemodynamic 
alterations that occur with aPE, but also the 
mechanical abnormalities that these processes 
have on the right ventricle (RV). This review 
intends to highlight the importance of the 
pulmonary- circulation-ventricular circuit in 
mediating cardiac performance and how the latter 
is the most critical factor determining both mor-
bidity and mortality.

 Mechanisms Regulating 
Thrombosis

Even though the molecular and translational 
pathways that regulate the dynamic balance 
between clot formation and lysis are well beyond 
the scope of this chapter, it is important to have a 
basic understanding of the individual elements 
responsible for these processes.

A healthy vascular endothelium is critical in 
maintaining adequate hemostasis. Under normal 
conditions, intact endothelial cells promote vaso-
dilatation and local fibrinolysis. Hence, blood 
coagulation, platelet adhesion and activation, as 
well as inflammation and leukocyte activation are 
suppressed resulting in normal blood fluidity. A 
list of specific elements that maintain the natural 
nonthrombogenic state of the endothelial surface 
can be found in Table 14.2 [19, 20].

In contrast, during periods of direct vascular 
trauma or as a result of activation of the coagula-
tion cascade, a prothrombotic and proinflamma-
tory state ensues [20]. The latter is mainly 
characterized by an enhanced production of von 
Willebrand factor, tissue factor, plasminogen 
activator inhibitor-1, and factor V that augment 
thrombosis [20]. In addition, release of sub-
stances such as platelet-activating factor and 
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Fig. 14.1 (a) A representative duplex image showing a 
normal popliteal vein before and after manual compres-
sion. (b) Normal color duplex signal in a normal popliteal 
vein filling the whole-vein contour. (c) Case of an acute 

DVT showing a dilated popliteal vein that lacks com-
pressibility. (d) Color is not found due to the proximal 
acute DVT that impedes flow

a

b
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c

d

Fig. 14.1 (continued)
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a

b

Fig. 14.2 (a) In sharp contrast, a chronic case of DVT is 
showing a visible organized clot. Please note that in most 
instances of a fresh clot as seen in (a), in acute DVT, the 

clot was not well visualized. (b) Color flow duplex signal 
within a popliteal vein with a partially filling clot that has 
distorted the main lumen
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Fig. 14.3 (a) Representative subcostal echocardiographic 
image showing a homogeneous density filling the inferior 
vena cava (IVC) denoted by the white arrow. (b) Four-
chamber apical echocardiographic image showing a rather 
large tubular thrombus cast within the right atrium (RA), 
crossing the tricuspid valve and into the right ventricle (RV). 
(c) Transesophageal view from the bi-caval view at 90° 
showing the right atrium (RA) and catheter (arrow) in the 
superior vena cava and a thrombus mass due to catheter-
related trauma encircled by (*). (d) Improved visualization 

of the catheter seen in the SVC and the mural thrombus seen 
in the right atrium (RA). (e) Transesophageal view from 45° 
showing the right atrium (RA), RV outflow tract (RVOT), 
left atrium (LA), as well as a globular homogeneous mass 
(arrow) attached to the interatrial septum that was resected 
and found to be a myxoma. (f) Transthoracic view from the 
RV inflow showing the right atrium (RA), right ventricle 
(RV), and tricuspid valve (TV) as well as a homogeneous 
mass found to be a vegetation (*). (g) Additional view show-
ing the same tricuspid valve vegetation as seen in (f)
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endothelin-1 promotes vasoconstriction [21]. 
Finally, an exposed endothelial surface increases 
the expression of cell adhesion molecule, pro-
moting accumulation and activation of leuko-
cytes that further amplifies inflammation and 
thrombosis as shown in Fig. 14.4 [19, 22].

Thrombus contains a mixture of platelets, 
fibrin, and in some cases red blood cells [23, 
24]. The composition of thrombus depends on 
flow and vessel characteristics. Arterial clots 
are formed under high shear stress, typically 
after rupture of an atherosclerotic plaque or 
other damage to the blood vessel wall, and are 
largely platelet rich (white clots) and thus gen-
erally treated with antiplatelet drugs [20, 25, 
26]. Venous clots form under lower shear stress 
and are mostly rich in fibrin (red clots) and are 
hence treated with anticoagulant drugs [12, 20, 
27–29].

The coagulation cascade is regulated at sev-
eral levels. Interaction of tissue factor exposed by 
vascular injury with plasma factor VIIa results in 
the formation of small amounts of thrombin. This 
thrombin production is then amplified through 
the intrinsic pathway, resulting in the formation 
of the fibrin clot. These reactions take place on 
phospholipid surfaces, usually the activated 
platelet surface [30]. In case of venous thrombo-
sis, changes in blood flow and in endothelial cell 
lining of blood vessels, as initially proposed by 
Virchow, increase the risk of VTE [31]. A series 

Table 14.2 Mechanisms responsible in maintaining non-
thrombogenic state of endothelial surfaces

Endothelial production of thrombomodulin
Activation of protein C
Endothelial expression of heparan sulfate
Endothelial expression of dermatan sulfate
Constitutive expression of tissue factor pathway 
inhibitor
Local production of tissue plasminogen and urokinase- 
type plasminogen activators
Endothelium production of nitric oxide
Endothelium production of prostacyclin
Endothelium production of interleukin-10

Table 14.1 Potential mechanisms of thromboembolism

Venous clots originating from lower extremities 
(DVT)
Paget-Schroetter syndrome (spontaneous upper 
extremity venous thrombosis due to a compressive 
anomaly of the thoracic outlet)
May-Thurner syndrome (compression left common 
iliac vein)
Inferior vena cava abnormalities (agenesis, hypoplasia, 
or malformation that will cause DVT)
Massive microembolism during surgery
Air embolism
Carcinomatous tumor embolism
Cavitoatrial embolization of a renal carcinoma
Bone fat embolism after long-bone skeletal fracture
Body-sculpting fat embolism
Iatrogenic injections of various cements and 
coagulation materials
Embolization of a right-sided heart valve (tricuspid 
and pulmonic valves) vegetation

Leukocyte rbc

Platelet
TF+

P-selectin E-selectin vWF

Vessel lumen

PSGL-1

Clotting
cascade

Fibrin

i
Activation of

endothelial cells

ii
Binding of leukocytes,
platelets, and TF+ Mvs

iii
Induction of TF

expression on leukocytes

iv
Formation of

fibrin-rich thrombus

TF

TF

TF TF

TF

TF

Fig. 14.4 Proposed mechanisms for venous thrombosis. It 
has been proposed that the formation of a venous thrombo-
sis can be divided into distinct steps. First, the endothelium 
is activated by hypoxia and/or inflammatory mediators and 
expresses the adhesion proteins P-selectin, E-selectin, and 
vWF.  Second, circulating leukocytes, platelets, and TF+ 
MVs bind to the activated endothelium. Third, the bound 

leukocytes become activated and express TF.  The local 
activation of the coagulation cascade overwhelms the pro-
tective anticoagulant pathways and triggers thrombosis. 
The fibrin-rich clot also contains platelets and red blood 
cells. (Reproduced with permission from Mackman 
N. New insights into the mechanisms of venous thrombo-
sis. J Clin Invest. 2012; 122: 2331–2336)
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of well-recognized risk factors, as shown in 
Table  14.3, have been associated with an 
increased risk of DVT and the potential for VTE 
[32–51].

One group of patients that require some addi-
tional discussion are those with significant end- 
stage liver disease (ESLD). The previously held 
concept that ESLD patients are auto- 
anticoagulated as a result of a reduced hemostatic 
reserve given their reduced ability to synthesize 
procoagulant proteins and anticoagulation fac-
tors, hence at high risk for bleeding complica-
tions and consequently at a reduced risk for VTE, 
is no longer valid [51–53]. Close inspection 

reveals that initial reports were simply based on 
data obtained from relatively small single-center 
studies [54, 55]. Subsequent emergences of more 
robust data from much larger national and inter-
national databases have shed more relevant clini-
cal information [56–59]. Specifically, based on 
these results it is now recommended that hospi-
talized and immobilized cirrhotic patients, cer-
tainly at increased risk of thrombotic events, 
should receive VTE prophylaxis with either low- 
molecular- weight heparin or unfractionated hep-
arin (Level III, Grade C) [51]. In contrast, 
cirrhotic patients with VTE should be treated 
with anticoagulation similar to other medical 
patients without a specific recommendation. 
Most importantly, therapy selection should be 
determined on a case-by-case analysis (Level III, 
Grade C) [51]. Certainly, additional prospective 
randomized trials are urgently needed to advance 
our understanding of this complex group of 
patients and better guide clinical practices.

Furthermore, in cases of compression of the 
left common iliac vein either by the presence of 
the fetus during pregnancy or in patients with 
May-Thurner syndrome [60, 61], the most likely 
site of thrombus formation in DVT is the pocket 
of the valve sinus [62–66]. These sites are par-
ticularly prone to thrombosis because of the dis-
rupted and irregular blood flow patterns [62]. 
Initial formation of thrombus within the venous 
valve pocket further disrupts the architecture of 
these valve pockets, disrupting pulsatility of 
venous flow and favoring local stasis of cellular 
elements [67]. Formation of a semi-solidified 
mass causes further activation of circulating 
platelets and leukocytes inducing additional 
fibrinogenesis favoring the growth of the throm-
bus beyond the confines of the valve pocket [67]. 
Amplification of this process causes further alter-
ation of luminal flow dynamics resulting in pro-
gressive occlusion of the vein lumen [67]. 
Intraluminal growth of the thrombus has also 
been shown to lower local oxygen tension, as 
oxygen is being consumed by trapped cells 
resulting in luminal hypoxemia favoring cell 
death and contributing to thrombus growth [67]. 
Notwithstanding the fact that the luminal linear 
velocity of the blood continues to decline and 

Table 14.3 Risk factors predisposing to deep venous 
thrombosis

Increasing age
Surgery (abdomen, pelvis, lower extremities)
Trauma (fractures of pelvis, hip, or lower extremities)
Obesity
Cancer and its treatment
Pregnancy and puerperium
Hormone-based contraceptives/hormone replacement 
therapy
Acute infection
Prolonged immobilization
Paralysis
Long-haul travel
Smoking
Prolonged hospitalization
Previous DVT
Congestive heart failure
Myocardial infarction
Indwelling central venous catheters
Inflammatory bowel syndrome
Nephrotic syndrome
Heparin-induced thrombocytopenia
Disseminated intravascular coagulation
Paroxysmal nocturnal hemoglobinuria
Thromboangiitis obliterans
Thrombotic thrombocytopenia purpura
Behçet’s syndrome
Lupus anticoagulant (antiphospholipid antibody)
Antithrombin III deficiency
Protein C deficiency
Protein S deficiency
Factor V Leiden mutation
Prothrombin gene mutation
Dysfibrinogenemia
Factor XII deficiency
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further oxygen is being locally consumed, pass-
ing blood stream tugs additional layers of cells to 
the growing thrombus [67]. A graphic representa-
tion of this process is illustrated in Fig. 14.5 [62, 
67–69].

Two simple anatomical considerations are 
important for understanding DVT and the poten-
tial for VTE. First, as the number of vein valves 
increases within any given vein segment, the risk 
of DVT increases. Second, during the stage of 
thrombus formation, not all portions of the 
thrombus anchor to the necrotic endothelium. 
Some portions of the growing thrombus are less 
strongly attached and can embolize in the direc-
tion of blood flow. Development of local symp-
toms of DVT depends on the extent of thrombosis, 
adequacy of collateral vessels, and also severity 
of associated vascular occlusion and inflamma-

tion. Phlegmasia cerulea and alba dolens refer to 
massive venous thrombus that can cause signifi-
cant painful swelling of the calf and resultant 
pressure necrosis and gangrene. When the throm-
bus embolizes to the pulmonary vasculature, 
symptoms and hemodynamic adaptation largely 
depend on the underlying cardiopulmonary 
reserve of the individual [63–65]. A large throm-
bus is relatively well tolerated in the setting of 
normal cardiovascular reserve while a relatively 
smaller burden can cause hemodynamic compro-
mise in those with limited reserve.

The early post-venous thrombosis stage is 
characterized by recruitments of neutrophils that 
are essential for thrombus resolution by 
 promoting fibrinolysis and collagenolysis [70, 
71]. This process then transitions over the course 
of a few days, peaking at approximately day 8, to 

Normal Blood flow                                       Deep Vein Thrombosis                                  Thromboembolic

Lungs

Foot

Embolic 
clot

Blood 
clot

Vein
valves

Fig. 14.5 Diagrammatic representation of a deep vein 
during normal flow, during acute thrombus formation 
(DVT), and during potential embolization (VTE). During 
normal flow blood cells freely move across vein valves. In 
the event of DVT, a clot forms on the underside of the vein 
valves. In the case of VTE, potential dislodgement of part 

of the clot material can be released into the venous circu-
lation. Thrombosis is thought to be enhanced by a signifi-
cant decline in oxygen tension in the region of the valve 
pocket sinus resulting in clot formation and the potential 
for VTE
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a monocyte- predominant venous thrombus 
milieu that is then associated with plasmin and 
matrix metalloproteinase-mediated thrombus 
breakdown [72, 73].

 Epidemiology of Venous 
Thromboembolism

It is important to realize that the current estimates 
of incidence of DVT and VTE represent an under-
estimate for several reasons. Milder cases may not 
be investigated and remain undiagnosed, while 
fatal undiagnosed events are never identified. The 
thrombosis cases treated outside the hospital set-
ting (in the clinic or emergency room) are rarely 
included in studies. Since many studies use strin-
gent validation criteria, patients with typical clini-
cal findings but nondiagnostic radiologic studies 
are not reported. Finally, patients treated in long-
term care facilities and cancer patients in hospice 
settings are usually not enrolled in clinical stud-
ies. It is also important to keep in mind that stud-
ies that include a large number of VTE cases 
diagnosed by autopsy have generally reported a 
higher proportion of PE than DVT cases likely 
due to the presence of asymptomatic PE.

Current estimates regarding incidence rates 
for VTE are recognized to be higher among 
African American populations when compared to 
Asian, Asian American, and Native American 
populations.

VTE is mostly seen in older individuals and is 
rare prior to late adolescence [74]. Even when 
incidence rates increase markedly for both men 
(130 per 100,000) and women (110 per 100,000) 
there is a clear difference that is important to be 
recognized [74]. Incidence rates of VTE are 
higher in women during childbearing years (16–
44 years) compared to men of similar age; how-
ever, in individuals older than 45 years of age, 
VTE incidence rates are higher among men [74].

Interestingly, it has been reported that incident 
cases of VTE can occur without a specific recog-
nizable trigger, in up to 40% of cases in popula-
tions of European and African origins [74].

Even when there is paucity of data relating 
VTE incidence, incidence rates for VTE, DVT, 

and PE either remained constant or increased 
between 1981 and 2000 with a substantial 
increase rate for VTE noted between 2001 and 
2009 based on PE cases, the latter likely reflect-
ing the increased utilization of better imaging 
techniques.

Data largely obtained from a case-controlled 
study that included 726 women with incident 
VTE between 1988 and 2000 in Olmsted County, 
MN, USA, identified the following case particu-
lars as significant risk factors for the develop-
ment of VTE.  These are presented in the 
decreasing order of clinical impact [75]:

• Major surgery (odds ratio (OR) 18.95)
• Active cancer with or without concurrent che-

motherapy (OR 14.64)
• Neurological disease with leg paresis (OR 

6.10)
• Hospitalization for acute illness (OR 5.07)
• Nursing-home confinement (OR 4.63)
• Trauma or fracture (OR 4.56)
• Pregnancy or puerperium (OR 4.24)
• Oral contraception (OR 4.03)
• Noncontraceptive estrogen plus progestin use 

(OR 2.53)
• Estrogen (OR 1.81)
• Progestin (OR 1.20)
• Body mass index (OR 1.08)

Interestingly previously held notions account-
ing for VTE risk factors such as age, varicose 
veins, and progestin were not significantly associ-
ated with incident VTE in this studied population 
when included in the multivariate analysis [75].

Hospitalization remains a well-recognized 
risk factor for VTE conferring a greater than 100- 
fold risk regardless of the fact that if this hospital-
ization is due to medical illness (VTE risk 22%) 
or surgically related (24%) [74].

Recognized VTE risk factors among medical 
illness patients include [74]:

• Age
• Obesity
• Previous VTE
• Thrombophilia
• Cancer
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• Recent trauma or surgery
• Tachycardia
• Acute myocardial infarction or stroke
• Leg paresis or prolonged immobilization (bed 

rest)
• Congestive heart failure
• Acute infection
• Rheumatological disorders
• Hormone therapy
• Central venous catheter
• Admission to an intensive or coronary care 

unit
• White blood cell and platelet count

In the case of surgical patients, VTE risk fac-
tors include [74]:

• Age, particularly in those 65 years of age or 
older.

• Type of surgery such as neurosurgical, major 
orthopedic procedures of the leg, renal trans-
plantation, cardiovascular surgery, and tho-
racic, abdominal, or pelvic surgical 
interventions for cancer. Furthermore, obesity 
and a poor physical status are well-recognized 
risk factors after total-hip arthroplasty.

• Smoking status.
• Presence or absence of active cancer.

Additional elements that should be considered 
known to increase VTE risk factors include 
[76–79]:

• Central venous catheters, particularly via fem-
oral vein access

• Prior superficial vein thrombosis
• Long travels greater than 4 h
• Hypertriglyceridemia in postmenopausal 

women

The risk of DVT associated with varicose 
veins is uncertain and seems to vary with patient 
age [80].

However, we would like to point out that gen-
eralizations should be avoided as all these recom-
mendations require further validation as the 
fluidity of medical and surgical care as well as the 
complexity of cases have evolved.

It is important to point out that nursing-home 
residents account for an ever-growing number of 
patients for VTE risk. In fact, hospitalization and 
being a resident of a nursing home account for 
60% of incident VTE with nursing-home resi-
dence independently responsible for 1/10th of all 
VTE cases [74].

Traditionally, cancer increases VTE risk and 
currently accounts for 20% of all incident cases 
occurring in the community [74]. Specific can-
cers associated to the increased VTE risk include 
pancreas, ovaries, colon, stomach, lung, kidney, 
bone, and brain [81, 82]. Furthermore, when can-
cer patients receive immunosuppressive or cyto-
toxic chemotherapy, particularly l-asparaginase, 
thalidomide, lenalidomide, or tamoxifen, these 
medications place these patients at even higher 
risk [83, 84].

With regard to cancer patients, VTE risk is 
particularly increased [85, 86]:

• Gastric and pancreatic cancers
• Platelet counts ≥350 × 109/l
• Hemoglobin levels <100 g/l
• Use of red cell growth factors
• Leukocyte counts ≥11 × 109/l
• BMI 35 kg/m2 or greater ≥35
• Elevated plasma-soluble P-selectin and 

D-dimers

Aside from all these recognized risk factors 
and clinical situations associated with VTE, true 
estimates of the total number of VTE events that 
are either incident or recurrent occurring each 
year vary widely. Despite some limitations, 
attack rates have been estimated between 91 and 
255 for DVT and between 51 and 75 for PE per 
100,000 person years [87, 88].

Recurrent VTE events occur in up to 30% of 
cases within 10 years of the initial event with a 
reported rate of 19–39 per 100,000 person years 
[87, 89]. Based on the data originally published 
by Heit et al. the estimated cumulative incidence 
of the first overall VTE recurrence was 1.6% at 7 
days, 5.2% at 30 days, 8.3% at 90 days, 10.1% at 
180 days, 12.9% at 1 year, 16.6% at 2 years, 
22.8% at 5 years, and 30.4% at 10 years with the 
risk of first recurrence being the highest close to 
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the incident event and then decreasing as time 
goes on [90]. Although prophylaxis is crucial, 
duration of this initial treatment does not appear 
to affect the rate of recurrence beyond the initial 
3 months of recommended prophylactic antico-
agulation suggesting that VTE is in fact a chronic 
disease with episodic recurrence [91–94].

Recognized independent predictors of VTE 
recurrence include [32, 90, 95–101]:

• Increasing age
• Increasing BMI
• Male sex
• Active cancer
• Neurological disease with leg paresis
• Idiopathic VTE
• Active lupus anticoagulant or antiphospho-

lipid antibody
• Deficiency of antithrombin, protein C, or pro-

tein S
• Hyperhomocysteinemia
• Elevated plasma D-dimers
• In some cases, residual vein thrombosis
• Factor V Leiden mutations combined with 

deficiencies of antithrombin, protein S, or pro-
tein C

• Pancreatic, brain, lung, and ovarian cancer; 
myeloproliferative or myelodysplastic disor-
ders; and stage IV cancers

Accurate assessments of case fatality rates 
after initial VTE are hindered by the nature of the 
analysis. First, retrospective data analysis is dif-
ficult to interpret when autopsy data is used 
because autopsies are not uniformly performed to 
confirm aPE diagnosis in patients dying unex-
pectedly. Second, prospective data collection is 
also difficult due to the declining rates of autop-
sies. Despite these limitations, it is believed that 
up to two-thirds of patients simply manifest DVT 
alone and death occurs in approximately 6% of 
these patients within a month of diagnosis, 
whereas a third of patients with symptomatic 
VTE develop PE and may experience up to a 
12% mortality during the same time period [54]. 
Early mortality after VTE is strongly associated 
with presentation as PE, advanced age, cancer, 
and underlying cardiovascular disease [54, 102].

Finally, it is clear that VTE occurrence is not 
only influenced by multiple clinical factors and 
disease processes but also modified by several 
genetic-environmental interactions placing some 
individuals at greater risk than others and addi-
tional follow-up studies are certainly required.

 Pulmonary Vasculature

The pulmonary vasculature consists of the arterial, 
venous, and bronchial arteries and to some extent 
albeit not a robust system the microvascular col-
lateral circulation [103–106]. The pulmonary arte-
rial (PA) system is the most relevant to a discussion 
of aPE and closely follows the bronchial path-
ways. From an anatomical perspective the main 
PA arises from the RV outflow tract (RVOT) and 
divides into the left and right pulmonary arteries. 
The left PA appears to be a continuation of the 
main PA as it arches over the left main stem bron-
chus and begins branching to supply the left upper 
and lower lobes. A representative view of the main 
PA with its main bifurcations is seen in Fig. 14.6. 

MPA

LPA

RPA

Fig. 14.6 Volume-rendered reconstructions of a multi- 
detector- row computed tomographic scan elegantly show-
ing the main pulmonary artery (MPA), left pulmonary 
artery (LPA), and right pulmonary artery (RPA) with prox-
imal bifurcations. (Image reconstruction performed by 
Amy L. Smith, RT (R) (CT) and Dr. Robert O’Donnell, 
MD, University of Cincinnati Medical Center)

A. López-Candales and S. Vallurupalli



217

Typically, the right PA is longer and gives rise to 
the right upper lobe artery as it arches over the 
right main stem bronchus. It normally courses 
more caudal than the left, and its length is better 
visualized in chest radiography. The normal main 
PA caliber is less than 3 cm while both left and 
right PAs are usually 1.5 cm [107].

The right PA gives rise to an upper lobe artery, 
which then divides into an apical, a posterior, and an 
anterior segmental artery. The next right lobar artery 
branch is the middle lobe artery, which divides into 
a lateral and a medial lobe segmental artery. The 
right lower lobe artery divides into an apical, an 
anterior, a posterior, a medial, and a lateral segmen-
tal artery. Although this major branching pattern is 
typical and related to lobar and segmental lung 
development, other arterial branches may arise 
directly from the right and left PA [107]. In contrast, 

a typical left PA gives rise to an upper and a lower 
lobe artery. The left upper lobe artery gives off the 
apicoposterior, anterior, and lingular arteries that 
further divide into a superior and an inferior seg-
mental artery. The left lower lobe artery divides into 
a superior, an anteromedial, a lateral, and a posterior 
basal segmental artery [107].

Final diagnostic documentation of the 
involved segment is based on the highest branch-
ing order resolved by the imaging technique. 
Therefore, main PA arising from the RVOT is 
recognized as the first order. The right and left PA 
are considered as second order. Visualization of 
lobar artery segments is considered third order. 
Finally, segmental arteries are recognized as 
fourth order, subsegmental arteries are fifth order, 
and the first branches of subsegmental arteries 
are described as sixth order [107]. Figure  14.7 
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Fig. 14.7 Illustration of diameter-defined Strahler order-
ing system. Vessel order numbers are determined by their 
connection and diameters. Arteries with smallest diameters 
are of order 1. A segment is a vessel between two succes-
sive points of bifurcation. When two segments meet, order 
number of confluent vessel is increased by 1. Horsfield and 

diameter-defined systems apply to arterial and venous 
trees only. They are not applicable to capillary network, the 
topology of which is not treelike. Each group of segments 
of the same order connected in series is lumped together 
and called an element. (Reproduced with permission from 
Huang W et al. J Appl Physiol 1996; 81: 2123–2133)
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demonstrates the proposed diameter-defined 
Strahler ordering system with regard to the PA 
system. Representative tomographic images of 
aPE cases are shown with a typical proximal sad-
dle embolus shown in Fig. 14.8 and a subsegmen-
tal aPE shown in Fig. 14.9.

 Pulmonary Arterial System Network 
and the Right Ventricle

In the normal state, the pulmonary artery vascu-
lature acts as an elastic reservoir for the stroke 
volume ejected from the RV, with minimal resis-
tance provided from the main PA all the way 
down to subsegmental arteries (approximately 
0.5 mm diameter). Exquisite flow resistance reg-
ulation takes place at the level of the muscular 
arteriole capillaries, which exert the greatest arte-
rial flow and pressure control [108–110]. The 
diameter of these artery segments closely paral-
lels that of the accompanying bronchi [110–113]. 
In the normal state, this dynamic process is 
instrumental in matching perfusion to ventilation 
in real time and in regulating RV systolic 
function.

RV cardiac output depends on proper calibra-
tion between RV myocardial contractility and 
impedance to blood flow through the lungs. The 
RV can accommodate large volumes without 
significant compromise in systolic performance 
as long as there is no impedance to ejection or if 
the impedance occurs slowly over a period of 
time, such as in chronic pulmonary hyperten-
sion. However, it has limited contractile reserve 
to match even minor increases in impedance to 
ejection (acute pulmonary hypertension). 
Clinically, the degree of hemodynamic compro-
mise depends on the magnitude and timing of 
pulmonary vascular obstruction [114–121]. A 
small embolism (even if recurrent and multiple) 
can be asymptomatic or present with mild dys-
pnea. Due to these differences in clinical presen-
tation, case fatality rate for aPE ranges from 
<1% to about 60% [122]. A more recent data 
analysis using figures from the Nationwide 
Inpatient Sample from 1999 to 2008 showed that 
all-cause case fatality rate decrease was primar-
ily driven by a decrease in case fatality rates for 
stable patients [123]. There was no reduction of 
case fatality rate in unstable patients receiving 
thrombolytic therapy [123]. Though it is impor-
tant to highlight the fact that the general case 

Fig. 14.8 Chest tomographic image showing a large fill-
ing defect suggestive of a large saddle embolus seen (bro-
ken arrow). (Image provided by Amy L. Smith, RT (R) 
(CT) and Dr. Robert O’Donnell, MD, University of 
Cincinnati Medical Center)

Fig. 14.9 Chest tomographic image showing two filling 
defects (shown by the arrows) on the left side and a defect 
on the right side representative of subsegmental regions of 
the PA vasculature. (Image provided by Amy L.  Smith, 
RT (R) (CT) and Dr. Robert O’Donnell, MD, University 
of Cincinnati Medical Center)
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fatality rate for patients receiving thrombolytics 
and a vena cava filter was low, most of these 
unstable patients did not receive this combina-
tion therapy [123].

Even though the proposed pathways leading 
to RV injury are intrinsically different between 
chronic and acute pulmonary hypertension (PH) 
[124], RV dilatation and systolic dysfunction are 
common abnormalities shared by both clinical 
entities. These abnormalities in RV size and sys-
tolic performance are mainly explained by the 
Laplace relationship [125]. Specifically, an 
increased ratio between cavity radius and thick-
ness will increase wall stress while a decrease in 
this ratio will decrease wall stress [126]. Acute 
elevations in PH (acute increase in impedance to 
flow in pulmonary artery, such as aPE) cause a 
sudden increase in cavity radius and since there is 
little time to compensate with increased wall 
thickness, wall stress increases. This principle is 
illustrated in Fig. 14.10 showing the relationship 
between RV wall dilatation and increased thick-
ness and its effect on the left ventricle (LV).

The right and left ventricles differ in their abil-
ity to compensate for the increase in chamber 
size. In the case of the LV, wall thickness is 
greater than the RV. The LV can compensate both 

to physiologically acute increases in afterload 
(such as increased BP during exercise) or patho-
logical, chronic causes such as systemic hyper-
tension or valvular lesions (albeit by undergoing 
compensatory hypertrophy) [127]. Increase in 
thickness allows the LV to provide adequate 
stroke volume without an unacceptable reduction 
in myocardial performance [127]. In the more 
compliant RV, the thin walls allow it to accom-
modate larger volumes without hemodynamic 
stress (such as the increased preload during exer-
cise), while at the same time allowing it to eject 
the same stroke volume as the LV against approx-
imately 25% of the afterload the LV faces [128]. 
This increased compliance does not allow the RV 
to tolerate acute increases in afterload, such as in 
aPE [125]. Direct mechanical obstruction of the 
PA by thrombus or any other embolic material 
accompanied by potent release of local vasocon-
strictors will result in hypoxemia causing a rapid 
increase in pulmonary vascular resistance (PVR) 
and the resultant increase in PVR [129–139]. The 
latter will ultimately determine the compromise 
in RV performance and the degree of hemody-
namic collapse in accordance with the location 
and extent of the acute thromboembolic occlu-
sion as well as the generation of local vasocon-

a b

Fig. 14.10 (a) Echocardiographic short-axis view of the 
left ventricle at the papillary muscle level showing a nor-
mal curvature of the left ventricle in relationship to a 
normal-sized RV with normal wall thickness. (b) In con-
trast, a dilated and hypertrophied RV requires not only 

more energy to pump the same amount of blood as com-
pared to the normal-sized RV but also the resultant higher 
wall tension and thus RV peak systolic pressure results in 
bowing of the interventricular septum causing systolic 
flattening during ventricular contraction

14 Pulmonary Embolism



220

strictive mediators along the PA system network 
in relation to underlying functional state of the 
myocardium. In cases of gradual increase in RV 
afterload, such as chronic PH, the RV should be 
able to handle these remodeling changes more 
efficiently, as there is time to assemble new sar-
comeres in parallel in order to increase wall 
thickness and compensate for the hemodynamic 
stress [125].

Clinically, PVR can be assessed either inva-
sively by catheter measurement or noninvasively 
by using transthoracic echocardiography (TTE). 
TTE estimation relies on measuring the  maximum 
tricuspid regurgitation (TR) jet velocity using 
continuous-wave Doppler and the velocity time 
integral (VTI) of the pulsed Doppler signal across 
the RVOT.  Thus, TTE calculation uses the fol-
lowing formula: PVR (Woods unit [WU]) = (TR 
velocity max/RVOT VTI) × 10 + 0.16 to approxi-
mate values that are obtained during invasive 
right-heart catheterization. Representative TTE 
Doppler signals are shown in Fig. 14.11 [140].

As mentioned earlier, this rise in PVR would 
depend on the location and extent of the acute 
thromboembolic occlusion and also generation of 
local vasoconstrictive mediators along the PA 
system network. In conjunction with the func-
tional state of RV myocardium, the extent of 
increase of PVR is an important determinant of 
prognosis, particularly when aPE interferes with 
both the circulation and gas exchange.

While the presence of thrombus in the deep 
veins and pulmonary arteries has been discussed, 
it is not unusual to find intracardiac thrombi in 
those with suspected aPE. This finding signifies 
either a thrombus in transit from the leg veins to 
the pulmonary artery or a native intracardiac 
thrombus that can rarely cause aPE. Either way, 
presence of intracardiac thrombus is a poor prog-
nostic sign. In the International Cooperative 
Pulmonary Embolism Registry (ICOPER), intra-
cardiac thrombus was present in 42 of 1113 
patients with a TTE at admission [141]. Patients 
with a demonstrable intracardiac thrombus at the 
time of the TTE were more hemodynamically 
compromised as suggested by lower systemic 
arterial pressure, higher prevalence of hypoten-
sion, faster heart rates, and frequent hypokinesis 

of the RV as determined by TTE than patients 
without a demonstrable intracardiac thrombus at 
the time of diagnosis [141].

From a pathophysiological point of view, the 
cascade of events resulting in aPE can be simplis-
tically explained not only by interference of both 
the circulation and gas exchange at the pulmo-
nary level caused by the embolic material but 
also by the disturbance created by that material 
along the pulmonary-ventricular unit that ulti-
mately results in some variable degree of RV 
mechanic disruption. Primary cause of death in 
severe aPE has been singled out as RV failure 
[142].

When occlusion of more than 30–50% of the 
total cross-sectional pulmonary arterial bed by 
thromboembolic material and local release of 
vasoconstriction substances occur, we see eleva-
tion in pulmonary artery pressures as a result of 
an increase in PVR [133, 143–145]. A marked 
and sudden increase in PVR will dilate an other-
wise normal thin-wall RV that by the  mechanisms 
previously described would not be able to gener-
ate a mean pulmonary pressure above 40 mmHg 
and consequently fail [125, 126, 143].

From a clinical point of view the estimated in- 
hospital or 30-day mortality risk determines the 
severity of an aPE event mainly determined by 
the patient’s presentation. The latter will ulti-
mately stratify patients into either high- (shock or 
persistent hypotension in the absence of arrhyth-
mia, hypovolemia, or sepsis) or no high-risk PE 
with important diagnostic and therapeutic impli-
cations [143]. Differentiating patients based on 
this approach facilitates diagnostic and therapeu-
tic strategies as reconciled on a recent guideline 
document that integrates previous knowledge 
into a more optimal and objective diagnostic and 
management strategies for those patients present-
ing with either a suspected or a confirmed aPE 
[143].

Clinical parameters based on severity index 
have shown to be quite useful in assessing prog-
nosis and determining outcomes. The most vali-
dated score to date is the PESI in identifying 
patients’ worse 30-day outcomes [146–149]. A 
simplified sPESI version is also available and has 
been validated [150, 151]. These clinical param-
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a

b

Fig. 14.11 Representative Doppler tracings used for PVR 
calculation using echocardiography. (a) Maximal TR 
velocity jet signal obtained from the apical four-chamber 
view measuring 3.3 m/s. (b) Pulsed Doppler signal across 

the RVOT showing a velocity time integral (VTI) of 18 cm 
resulting in a PVR of 2.0 WU. Echocardiographic estima-
tion of PVR uses the following formula: PVR (Woods unit 
[WU]) = (TR velocity max/RVOT VTI) × 10 + 0.16
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eters become clearly important in assessing the 
overall risk of adverse events and need for addi-
tional testing.

Traditionally, determination of the clinical 
magnitude of the thrombotic occlusion and its 
hemodynamic helps expedite therapeutic strate-
gies [152]. A massive aPE is defined as a patient 
with hemodynamic compromise with significant 
RV dysfunction. Based on the location of throm-
bus, it is further categorized as saddle, main 
branch, or ≥2 lobar pulmonary emboli. It carries 
an estimated 60% mortality, two-thirds of which 
occur within the first hour after onset [122, 153, 
154]. In contrast, sub-massive aPE occurs in 
hemodynamically stable patients who demon-
strate evidence of right-heart strain, which is 
most commonly identified by TTE or elevation of 
cardiac enzymes [122, 154]. It carries an esti-
mated 15–20% 30-day mortality rate and has 
been associated with chronic thromboembolic 
pulmonary hypertension and subsequent devel-

opment of cor pulmonale [155]. Finally, a non- 
massive aPE is characterized by a normotensive 
patient with no evidence of RV dysfunction. A 
diagrammatic representation of this interrelation-
ship is seen in Fig.  14.12. In summary, a high 
index of clinical suspicion is required to identify 
patients at risk as subtle findings can make the 
difference between life and death as shown in 
Fig. 14.13.

A recent publication by Jimenez and associ-
ates sheds light into most recent trends regarding 
hospital stay and 30-day mortality for aPE. Data 
from 23,858 patients from 2001 to 2013 taken 
from a large international aPE (RIETE) registry 
was used. For comparison purposes, results were 
divided into two time periods, first period 
between 2001 and 2005 and second period 
between 2010 and 2013. Using a multivariate 
regression model, these investigators found 
improvements in the overall length of stay (reduc-
tion from 13.6 to 9.3 days: 32% relative reduc-

aPE

Anatomical obstruction
+ 

Hypoxemia
+

Vasoconstrictor factors

RV wall stress
+

RV ischemia
+ 

RV Dilatation

Decreased RV output
+ 

IVS shift towards LV
+

Decreased LV preload

Increased PVR

Massive aPE 
(hypotension < 90 mmHg; 
shock or cardiac arrest)

Mortality > 60%
(Acutely)

Sub-massive aPE
(normotensive with evidence 

of RVD)

Mortality 15 - 20%
(30 days)

Non-massive aPE
(normotensive without RVD)

Mortality < 3%

Fig. 14.12 Diagrammatic representation of the sequence of events during aPE and the potential clinical implications 
of the thrombotic occlusion and resultant hemodynamic implications with associated mortality rates
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tion, p < 0.001) and reductions in mortality 
(risk-adjusted rates for all-cause mortality from 
6.6% to 4.9% and rates for aPE-related mortality 
from 3.3% to 1.8%, p < 0.01) [156].

 Acute Pulmonary Embolism, Right 
Ventricular Architecture, 
and Myocardial Mechanics

In addition to causing an obvious sudden increase 
in PVR, an acute occlusive pulmonary thrombus 
also disrupts normal RV ejection due to RV myo-
cyte lysis and induction of a proinflammatory 
phenotype [157–159]. Experimental data of aPE 
in the rat model suggests that neutrophils are 
present in the RVOT region between 6 h and 18 h 
of the thrombotic insult. Current data suggests 
that this inflammation is independent of the dam-
age caused by the obstructive thrombus and also 
amplifies the initial thrombotic injury [160, 161]. 
In humans, an elevated concentration of circulat-
ing myeloperoxidase as well as other inflamma-
tory biomarkers has been demonstrated in the 
aPE setting [162–164]. Hence, it has been sug-
gested that an inflammatory response might be a 
primary part of the development of acute RV dys-

function in the setting of aPE in both clinical and 
experimental models [134].

Advances in the understanding of myocardial 
fiber orientation have been instrumental in 
advancing our knowledge of how the RV responds 
to an increase in afterload in response to 
aPE.  Specifically, the RV free wall is mainly 
comprised of transverse fibers while the LV is 
encircled by oblique fibers [165]. Oblique fibers 
from the interventricular septum (IVS) also 
extend into the RVOT [166]. A schematic repre-
sentation of this fiber orientation is shown in 
Fig.  14.14. It is now well established that the 
comparison of varying fiber orientations shows 
marked differences in contractile performance. 
Helical or oblique fibers are responsible for twist-
ing and untwisting, while transverse fibers exert a 
compressive bellows-like activity [166]. From a 
mechanical perspective, helical or oblique fibers 
are at a considerable mechanical advantage com-
pared with transverse fibers [167].

In the healthy state, transverse fibers are the 
principal fiber group maintaining RV perfor-
mance, with some assistance from the helical or 
oblique fibers from the LV (through the IVS) 
[168, 169]. In fact, left ventricular activity con-
tributes to about 80% of the flow and up to two- 

PE

Fatal Suspected

Diagnosed

Fig. 14.13 Schema of 
relationship between 
suspected and actual 
cases of pulmonary 
embolism (PE). (From 
Ryu JH, Olson EJ, 
Pellikka PA. Clinical 
recognition of 
pulmonary embolism: 
problem of unrecognized 
and asymptomatic cases. 
Mayo Clin Proc 
1998;73:877; with 
permission)
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thirds of the pressure generated by the RV during 
systole [168]. The influence of LV contractile 
function on RV contractile function via the shared 
IVS is part of the concept of ventricular 
interdependence.

However, in situations resulting in elevation in 
PVR, as it occurs in aPE, contribution from the 
IVS helical or oblique fibers becomes increas-
ingly significant [170]. This contribution depends 
on the overall contractile state of the LV.

An acute increase in PVR results in systolic 
IVS flattening causing loss of the oblique orien-
tation of the septal fibers as seen in Fig.  14.15 
[24]. This contributes to the RV systolic dysfunc-
tion with aPE. In addition, the RV dilatation due 
to significant increases in PVR results in a shift 
of the IVS towards the LV causing LV underfill-
ing [24–28]. This impaired LV performance and 
output add to the hemodynamic effects of aPE 
with catastrophic consequences as shown in 
Fig. 14.16.

Careful analysis of IVS in patients with 
chronic PH has led to the identification of two 
types of septal motions. Type A has been 

Fig. 14.14 Schematic representation of the myocardial 
fiber orientation relationship of the IVS, composed of 
oblique fibers that arise from the descending and ascend-
ing segments of the apical loop, surrounded by the trans-
verse muscle orientation of the basal loop that comprises 
the free RV wall. (Reproduced with permission from 
Buckberg G D, and the RESTORE Group Eur J 
Cardiothorac Surg 2006; 29: S272–S278)

LV

RV

Fig. 14.15 Short-axis TTE view of the LV at the level of 
the papillary muscle showing a dilated RV that is causing 
significant flattening of the IVS as a result of an acute rise 
in PVR

RV

LV

PE

Fig. 14.16 Short-axis TTE view of the LV at the level of 
the papillary muscle showing a markedly dilated RV caus-
ing significant flattening of the IVS as a result of an acute 
rise in PVR resulting in both LV underfilling and impair-
ing LV performance associated with hemodynamic com-
promise in cases of massive aPE. A pericardial effusion 
(PE) is also noted
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described as marked anterior motion in early sys-
tole while type B shows marked posterior motion 
in early diastole [171]. Type A IVS motion is 
mainly seen in patients with worse hemodynamic 
profiles and worse clinical outcomes when com-
pared to those with type B IVS motion [171]. 
Deviation of the IVS towards the LV can thus 
compromise LV systolic as well as diastolic func-
tion [172–174].

The study of RV mechanics and IVS motion 
highlights not only the intricate hemodynamic 
and mechanical interdependence of the 
RV-pulmonary circulation unit, but also the 
importance of identifying RV dysfunction, par-
ticularly since aPE mortality is indisputably 
dependent on the presence and magnitude of RV 
strain [116, 119, 122, 142, 172, 175–183].

 Diagnosis and Assessment of Right 
Ventricular Function in Acute 
Pulmonary Embolism

Unfortunately, the limited sensitivity and speci-
ficity of some signs and symptoms in certain 
clinical situations hinder aPE recognition [184–
187]. Henceforth, a keen clinical judgment is 
critical at all times. The latter has certainly proven 
useful on several large series but lacks standard-
ization for which prediction models have been 
developed [188–195]. Most importantly, when-
ever clinical presentation raises the suspicion for 
aPE, prompt objective testing is urgently required.

Introduction of multi-detector computed tomo-
graphic (MDCT) angiography with high spatial 
and temporal resolution has certainly revolution-
ized the assessment of suspected aPE patients and 
cemented its status as the preferred imaging 
method of choice for these patients [196–198]. 
With a reported sensitivity of 83% and a specific-
ity of 96%, data from PIOPED II also highlighted 
the importance of combining clinical probability 
based on the Wells rule with CT findings [199]. 
For example, patients  presenting with a low or 
intermediate clinical probability of aPE and a 
negative CT had a high negative predictive value 

for PE (96% and 89%, respectively) with only 
60% in those with a high pretest probability [199]. 
On the other hand, the positive predictive value of 
a positive CT was high (92–96%) in patients with 
an intermediate or high clinical probability while 
it was only 58% in patients with a low pretest like-
lihood of aPE [199].

Additional CTPA findings in aPE are shown in 
Figs.  14.17, 14.18, and 14.19. In contrast, 
Figs. 14.20 and 14.21 show examples in which 
CTPA was useful to distinguish acute from 
chronic PE cases. Finally, Fig. 14.22 lists poten-
tial patient- and technique-related artifacts as 
well as anatomic mimickers that are important to 
be recognized when using multi-detector CT 
when evaluating patients with a presumptive 
diagnosis of aPE.

In other words, MDCT documentation at seg-
mental or more proximal levels is sufficient proof 
for aPE diagnosis when the clinical suspicion is 
high and a negative MDCT should with confi-
dence exclude aPE in cases with low clinical sus-
picion; however, what to do in cases of high 
clinical suspicion and a negative MDCT is less 
clear and there is paucity of data if additional 
testing is needed.

Lastly, three instances involving CT require 
our attention. First, isolated identification of sub-
segmental aPE on CT: this has been reported in 
4.7% of patients when imaged by single-detector 
CT angiography and in 9.4% of those undergoing 
MDCT [200]. Based on the lower positive pre-
dictive value and poor inter-observer agreement 
when distal pulmonary segments are being evalu-
ated, the use of compression venous ultrasonog-
raphy might be considered to exclude the 
presence of DVT that might require treatment 
[201]. Second, combination of computed tomo-
graphic venography with CT angiography as a 
single procedure using one intravenous injection 
of contrast is an alternative being proposed based 
on the PIOPED II data [199, 202]. Though this 
combination increased sensitivity for aPE diag-
nosis from 83% to 90% with similar specificity 
(95%), there was no significant increase in its 
negative predictive value [199, 202].
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a b

Fig. 14.17 (a) Sagittal and (b) coronal reformatted 
images in a 56-year-old man with chest pain and dyspnea 
reveal thrombosed lower lobe posterior basal segmental 
artery branches. Notice the relative associated abnormal 

vascular enlargement (arrows) as compared with the adja-
cent patent vessels. (Reproduced with permission from 
Chhabra A, et al. Applied Radiology 2007)

a b

Fig. 14.18 (a) The donut sign in the left lower lobe pul-
monary artery (arrow) and (b) tram track sign (arrows) in 
bilateral upper lobe segmental pulmonary arteries in cases 

of acute pulmonary emboli. (Reproduced with permission 
from Chhabra A, et al. Applied Radiology 2007)
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Furthermore, since CT venography yields 
similar results to the compression venous ultraso-
nography [202], the latter should be used instead 
as it would further reduce the total radiation dose. 
Finally, when an incidental pulmonary embolism 
is seen on CTs done among cancer, atrial fibrilla-
tion, and heart failure patients this might create 
some decision-making problem. Although 
accounting for only 1–2% of all CT cases [203–
206], no robust treatment recommendations have 
been provided. However, it should be noted that 
most experts suggest that anticoagulation should 
be administered for incidental clots if found on 
lobar or more proximal level pulmonary circula-
tion segments [207].

However, it is important to point out that the 
effectiveness of this imaging modality relies on 
identifying vascular obstruction and RV dilata-

tion as a response of the former; however, it does 
not provide any information regarding RV 
function.

Ventilation–perfusion scintigraphy (V/Q scan) 
has been for some time a useful imaging modal-
ity used in the assessment of both acute and 
chronic PE considerations [208–210]. With lack 
of radiation and use of contrast material, V/Q 
scans have been preferentially used in outpatients 
with low clinical probability and for normal chest 
X-rays particularly among females, and in 
patients with a history of contrast-induced aller-
gies, renal compromise, multiple myeloma, and 
paraproteinemic syndromes [211].

Though initial diagnostic criteria used for 
V/Q scan interpretation prompted revision into 
more useful management of high-probability 
scans and of normal perfusion V/Q scans, a high 

a b

Fig. 14.19 (a, b) Acute right lower lobe subsegmental pulmonary embolus (arrows) in a 60-year-old man with periph-
eral pulmonary infarct. (Reproduced with permission from Chhabra A, et al. Applied Radiology 2007)
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number of nondiagnostic intermediate probabil-
ity scans continue to be problematic as addi-
tional diagnostic testing is required [212–217]. 
This problem might have been solved by using 
single-photon emission computed tomography 
(SPECT) data acquisition imaging with or with-
out low-dose CT [218–221]; however, large-
scale prospective studies are required to validate 
this approach. Once again, V/Q scan imaging 

also falls short in providing any information 
regarding RV function.

For decades, pulmonary angiography was 
seen as the “gold standard” imaging modality 
tool when assessing aPE patients [222]. Though 
currently replaced by the less invasive and equally 
effective method in providing diagnostic accu-
racy as CT angiography technique, pulmonary 
angiography is still used when guiding percuta-
neous catheter-directed treatment for aPE.

Associated procedure-related mortality for 
pulmonary angiography has been reported at 
0.5% while minor and major complications have 
been quoted at 5% and 1%, respectively [223]. 
As expected, deaths are most likely related to 
either hemodynamic compromise or respiratory 
failure and bleeding-related complications if 
thrombolysis follows a diagnostic pulmonary 
angiogram [224].

Digital subtraction angiography is a fluoro-
scopic technique that improves visualization for a 
better accurate depiction of blood vessels by 
eliminating surrounding structures. Though this 
technique improves peripheral visualization of 
pulmonary arterial branches with identification 
of thrombi as small as 1–2 mm, main trunk imag-
ing is compromised by cardiac motion [225, 
226]. Direct visualization of a filling defect or 
amputation of a pulmonary arterial branch con-
stitutes the only validated diagnostic sign of aPE 
as none of the proposed indirect signs have been 
validated [187].

Obviously, a heightened clinical suspicion 
when we encounter a patient with the right risk 
profile sets in motion a series of diagnostic test-
ing modalities that according to the situation 
allow to exclude or confirm aPE in order to insti-
tute appropriate treatment. At times, due to the 
critical nature of patients, a simple bedside ultra-
sound detection of a venous thrombus in the 
lower extremity is often enough to initiate the 
treatment for presumed aPE.  However, absence 
of DVT by ultrasound does not preclude aPE 
diagnosis while the presence of DVT by ultra-
sound is not confirmatory of aPE [227].

Once a diagnosis of aPE is made, determining 
the RV response to this challenge by clinical, 
laboratory, and imaging methods influences clin-

Fig. 14.20 A 56-year-old man with a history of treated 
pulmonary embolism in the left lower lobe segmental 
arteries presented with acute chest pain. No evidence of 
acute embolism was seen. This volume-rendered coronal 
image reveals an abrupt cutoff in the left lower lobe seg-
mental arteries (yellow arrow) with visualization of 
dilated bronchial collaterals. (Reproduced with permis-
sion from Chhabra A, et al. Applied Radiology 2007)
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ical management and prognosis. Prompt hemo-
dynamic stability and RV function assessment 
are critical.

Once a diagnosis of aPE is made, determining 
the RV response to this challenge by clinical, 
laboratory, and imaging methods influences clin-
ical management and prognosis. Prompt hemo-
dynamic stability and RV function assessment 
are critical. Risk stratification algorithms have 
been proposed to help physicians identify high- 
versus low-risk aPE patients in order to expedite 
diagnosis and treatment, as shown in Fig. 14.23.

While hemodynamic stability is often discern-
ible by clinical examination, identification of 
high-risk features associated with significant RV 
strain and impending circulatory collapse with 

a b

Fig. 14.21 (a) Coronal and (b) sagittal reconstructions in 
a 70-year-old man with a history of bilateral acute pulmo-
nary embolism and a 6-month history of warfarin treat-
ment. These scans show chronic pulmonary emboli 
forming obtuse angles with the vessel wall in the left 

lower lobe pulmonary artery and its posterior segmental 
branch. (Images courtesy of Dr. Drew A. Torigian, MD, 
Hospital of the University of Pennsylvania, Philadelphia, 
PA; Reproduced with permission from Chhabra A, et al. 
Applied Radiology 2007)

Artifacts and Mimics on Multidetector CT for aPE 

• Patient-related artifacts:
– Respiratory motion
– Body habitus
– Flow related Vascular resistance

• Anatomic pathologic mimics:
– Peribronchial lymph node
– Unopacified veins
– Mucus-filled bronchi
– Perivascular edema

• Technique-related artifacts:
– Poor timing
– Window setting
– Patial voluming
– Staristep

Reproduced with permission from Chhabra A, et al. Applied Radiology 2007 

Fig. 14.22 List of potential patient- and technique- 
related artifacts as well as anatomic mimickers on multi- 
detector CT for aPE. (Reproduced with permission from 
Chhabra A, et al. Applied Radiology 2007)
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imaging can be challenging. Commonly used 
imaging modalities such as computed tomogra-
phy and TTE are less than ideal in studying the 
true anatomic and functional derangements of the 
RV (Fig. 14.24) but are readily available and can 
detect simple markers that identify patients at 
risk of hemodynamic instability in aPE. Table 14.4 
summarizes the most commonly associated vari-
ables currently used in the identification of 
abnormal RV strain. Figure 14.25 shows a picto-
rial representation of normal TTE RV findings 
that can be contrasted to abnormal RV strain find-
ings as seen in Fig. 14.26.

Risk stratification algorithms have been pro-
posed to help physicians identify high- versus 
low-risk aPE patients in order to expedite diagno-
sis and treatment [228–232]. While hemody-
namic stability is often discernible by clinical 
examination, identification of high-risk features 
associated with significant RV strain and 
 impending circulatory collapse with imaging can 
be challenging.

Although the electrocardiogram (ECG) has 
traditionally been one of the first diagnostic tests 

obtained from patients presenting with symptoms 
suggestive of aPE, it has not been incorporated 
into any risk stratification models. However, 
there are certain ECG findings in aPE that have 
been correlated with the presence of RHS [233–
236]. Consequently, the American Heart 
Association has recommended risk stratification 
for aPE patients based on RHS [237]. 
Furthermore, in a study by Hariharan and associ-
ates, these investigators described 3-ECG find-
ings that were independently associated with 
RHS [238]:

• TWI in leads V1 through V3 (5 points)
• S wave in lead I (2 points)
• Sinus tachycardia (3 points)

Using this score, these investigators were able 
to risk-stratify 85% of the aPE they studied [238]. 
Specifically, when the score was 5 or greater, it 
was 93% specific for RHS while a score of 2 or 
less excluded the presence of RHS with 85% sen-
sitivity [238]. These results were similar to find-
ings reported by other investigators [239, 240]. 

Clinical Predictors Score

I. Demographics:
Age Years
Male sex + 10

II. Comorbid conditions:
Cancer + 30
Heart Failure + 10
Chronic obstructive pulmonary disease + 10

III. Clinical characteristics:
Heart rate > 110 beats per minute + 20
Systolic blood pressure < 100 mmHg + 30
Respiratory rate ≥ 30 per minute + 20
Body temperature < 36 ˚C + 20
Delirium + 60
Oxygen saturation < 90% + 20

Low Risk aPE Patients 

• £ 65 class I, mortality 0.7%
• 66-85 class II, mortality 1.2%

High Risk aPE Patients  

• 86-105 class III, mortality 4.8%
• 106-125 class IV, mortality 13.6%
• > 125 class V, mortality 25%

Fig. 14.23 Pulmonary 
embolism severity index 
(PESI). (Modified with 
permission from 
Aujesky D, Perrier A, 
Roy PM, et al. 
Validation of a clinical 
prognostic model to 
identify low-risk patients 
with pulmonary 
embolism. J Intern Med. 
2007; 261: 597–604 and 
Masotti L, et al. 
Prognostic stratification 
of acute pulmonary 
embolism: focus on 
clinical aspects, 
imaging, and 
biomarkers. Vasc Health 
Risk Manag. 2009; 5: 
567–575)
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Although these results might be encouraging fur-
ther research should be undertaken not only to 
define the appropriate role of ECG in the assess-
ment of RV involvement in aPE but also to clarify 
the potential role of ECG in aPE risk stratifica-
tion models.

Biomarkers such as cardiac troponin, a well- 
known, reliable marker of injury, have been used 

in patients presenting with chest pain and dys-
pnea mainly with the aim of identifying an acute 
coronary syndrome; however, elevated cardiac 
troponins have been shown to occur in aPE as a 
result of acute RV dilatation and dysfunction 
[241]. Specifically, elevation in cardiac troponin 
levels can identify those aPE patients at higher 
risk of hemodynamic collapse [242]. Furthermore, 

RV                        LV

RV                          LV

RV LV

a

c

b

Fig. 14.24 (a) Open-cut macroscopic view of heart in a 
four-chamber view depicting the thin-walled RV in rela-
tion to the LV. (b) Computed tomographic view of a rep-
resentative four-chamber view showing the same 
anatomical relationship of the macroscopic specimen. 
Image shows corresponding reformatted four-chamber 

contrast-enhanced ECG-gated MDCT scan. (Both (a) and 
(b) were reproduced with permission from Dupont MV, 
et  al. Right ventricular function assessment by 
MKDCT. AJR 2011; 196: 77–86). (c) TTE representation 
of the RV and LV obtained from the same four-chamber 
apical view orientation as represented in (a, b)
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the utility of cardiac troponin assessment among 
normotensive aPE patients has also been found 
useful to exclude RHS [243]. It is always impor-
tant to keep in mind which clinical conditions 
affect cardiac troponin levels independently of 
cardiac injury [244].

In terms of the brain natriuretic peptide (BNP), 
a well-characterized peptide with numerous 
mechanistic actions known to primarily be 
secreted by the ventricles in response to stretch-
ing and wall tension, it is another biomarker with 
potential use in aPE patients [245–249]. 
Consequently, the value of measuring BNP levels 
in aPE patients with an initial stable hemody-
namic status was considered. However, a meta- 
analysis of BNP levels found that while elevated 
BNP levels might be useful in identifying aPE at 
high risk of death and adverse outcome events, 
the high negative predictive value of a normal 
BNP level was certainly more useful in selecting 
those aPE patients with a likely uneventful fol-
low- up [250].

In contrast to all the abovementioned imaging 
tools and blood markers, TTE provides a unique 

rapid, accurate, and reproducible opportunity to 
evaluate aPE.  It could also potentially provide 
supportive evidence (such as presence of a throm-
bus in transit or presence of new RHS). As seen 
in Fig. 14.27 panels a and b depict the presence of 
a RV apical thrombus in a patient with biventric-
ular dysfunction due to nonischemic cardiomy-
opathy. Two days later, the patient developed 
pleuritic chest pain and CTA of pulmonary arter-
ies showed pulmonary embolism (Fig.  14.27c). 
Venous duplex of lower extremities was negative 
for thrombus.

In addition, it also aids in the hemodynamic 
evaluation of the extent and magnitude of the 
thrombotic burden that can be used to assess 
prognosis. Even though detection of clot burden 
in transit or identification of a proximal pulmo-
nary artery thrombus is challenging by TTE on a 
regular basis, most routinely TTE’s role basically 
resides in hemodynamic assessment and evalua-
tion of RV function.

Since clinical hemodynamic stability appears 
to be dependent on RV function rather than the 
magnitude of clot burden in aPE, particularly 
within the first hour, confirmation and assess-
ment of mechanical stability of RV function are 
promptly required once this diagnosis is enter-
tained (Fig. 14.28).

While echocardiography is clinically used to 
suggest the presence of aPE (via the presence of 
RV dysfunction in a patient with suspected aPE 
but unable to obtain a diagnostic test), several pit-
falls in this setting need to be borne in mind. 
First, presence of RV strain may represent a 
chronic finding (such as COPD or chronic pul-
monary HTN). Thus, without a prior echocardio-
gram showing normal RV function, assuming 
that the RV dysfunction is due to aPE may result 
in unnecessary and potentially dangerous treat-
ment for aPE. Second, new-onset RV dysfunction 
can occur with ARDS or other pulmonary inju-
ries. Finally, in the supine, ventilated, critically ill 
patients, echocardiographic windows are often 
poor and a partially visualized RV can be consid-
ered normal in size and aPE be falsely ruled out. 
Despite past skepticism regarding the predictive 
value of TTE in assessing RV dysfunction among 
hemodynamically stable aPE patients, TTE 

Table 14.4 Common markers of RV strain

RV end-systolic and end-diastolic dilatation
Increased RV-to-LV maximal diameter cavity ratio
Dilated RV apex
Dilated tricuspid annulus
Presence of IVS flattening
Increased pulmonary artery pressures
Increased PVR
Reduced measures of RV systolic function:
   Fractional area change
   TAPSE
   Tricuspid annular TDI systolic velocity
Abnormal pulsed Doppler signal across RVOT
Reduced RVOT systolic excursion
Regional RV wall motion abnormalities
Reduced RV myocardial velocity generation
Reduced RV strain generation
Presence of RV dyssynchrony
Increased diameter of the superior vena cava
Reflux of contrast medium or color flow signal into 
the inferior vena cava
Increased circulating levels of troponin I in the 
absence of left-heart abnormalities
Increased circulating levels of brain natriuretic peptide
Abnormal electrocardiographic changes
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Fig. 14.25 Pictorial representation of normal TTE markers 
of RV size and systolic function. (a) Representative end dia-
stolic four-chamber apical frame showing normal relation of 
RV size when compared to the LV; the right (RA) and left 
(LA) atria are also seen. (b) End-systolic four-chamber api-
cal frame showing a normal-size relationship between the 
RV and LV denoted by straight white lines. (c) Representative 
end-diastolic four-chamber apical frame showing normal-
size relationship between RV and LV (dashed lines) as well 
as a normal tricuspid annular size, denoted by the solid line. 
(d) Representative short-axis view at the level of the papillary 

muscles showing a normal relationship between RV and 
LV. Please note the crescent shape of the RV cavity at this 
level as well as the normal curvature of the IVS. (e) 
Representative tricuspid regurgitation signal that peaks early 
in systole with a peak velocity of 2.54 m/s. (f) Representative 
tricuspid annular plane systolic excursion from a normal 
patient with a maximum amplitude of 3 cm. (g) Representative 
tricuspid annular tissue Doppler imaging signal from a nor-
mal patient showing a normal systolic velocity of 0.14 m/s or 
14 cm/s. (h) Representative pulsed Doppler signal across the 
pulmonic valve showing a normal RVOT envelope
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remains a useful imaging modality in the initial 
evaluation and follow-up of aPE patients [239, 
240]. In view of the above, the 2011 American 
Society of Echocardiography appropriate use cri-
teria (AUC) assign TTE a score of 2 (inappropri-
ate) for diagnosis of aPE while assigning a score 
of 8 (appropriate) to guide therapy [251].

To become a serious imaging contender, 
TTE has to offer critical data that surpasses 
rudimentary information based on subjective 

interpretation of RV size and wall motions, 
abnormal IVS motion, presence of tricuspid 
regurgitation, and lack of collapse of the infe-
rior vena cava during inspiration [252]. In gen-
eral, RV systolic dysfunction can be easily 
quantified by measuring either tricuspid annu-
lar plane systolic excursion (TAPSE, <1.6 cm) 
or fractional area change (FAC <35%). In addi-
tion to these, other simple echo markers of RV 
strain have been described.

Fig. 14.26 Pictorial representation of abnormal TTE 
markers of RV strain. (a) Representative end-diastolic 
four-chamber apical frame from a patient with a con-
firmed aPE showing a dilated RV in comparison to the LV; 
a pericardial effusion (PE) is also appreciated. (b) End- 
systolic four-chamber apical frame showing a markedly 
dilated RV when compared to the LV denoted by the 
dashed white lines. (c) Representative end-diastolic four- 
chamber apical frame showing a dilated RV when com-
pared to the LV. In addition, a dilated tricuspid annulus is 
also seen (solid line). Furthermore, stretched RV apex is 
also noted by the arrow and can be easily contrasted to the 
normal RV apex seen in Fig. 14.18b. (d) Representative 
short-axis view at the level of the papillary muscles show-
ing a markedly dilated RV and small compressed LV. In 
addition, please note the flattened IVS that bows against 

the LV. (e) Representative tricuspid regurgitation signal 
that peaks late in systole with a velocity of 2.98 m/s in a 
patient with aPE. (f) Representative tricuspid annular 
plane systolic excursion from a patient with hemodynami-
cally significant aPE that is hypotensive. Please note the 
significant reduction in the maximum amplitude of less 
than 1  cm. (g) Representative tricuspid annular tissue 
Doppler imaging signal from a patient with a hemody-
namically significant aPE showing significant reduction in 
the systolic velocity of 5 cm/s. (h) Representative pulsed 
Doppler signal across the pulmonic valve showing a 
markedly abnormal RVOT envelope from a hypotensive 
patient with a confirmed aPE; please note the narrow 
width (lines) of the signal and the mid-systolic indentation 
in the signal (arrows)
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e f

g h

Fig. 14.26 (continued)

McConnell’s sign has been traditionally 
used to describe regional RV dysfunction that 
spares the apex and was initially felt to aid 
both in the diagnosis of aPE and in the detec-
tion of RV strain. Initial studies reported sensi-
tivity of 77%, specificity of 94%, positive 
predictive value of 71%, and negative predic-
tive value of 96% to diagnose aPE [253]. 
However when applied in routine clinical prac-
tice for the diagnosis of aPE, McConnell’s sign 
is not as reliable since similar pattern can be 
found in other right-heart pathologies such as 
acute RV infarct [254].

Doppler echocardiography is also useful in the 
evaluation of aPE patients. The acute increase in 
PVR often results in a rapid acceleration time and 
mid-systolic notching. An altered RVOT Doppler 
signal has been shown to be useful not only in 
characterizing PH severity, but also in overall RV 
systolic performance [255–257]. Representative 
RVOT images from a normal patient (Fig. 14.29a, 
b) and a patient with a confirmed aPE are shown 
(Fig. 14.30a, b).

The 60/60 sign refers to the presence of a short 
RVOT signal acceleration time (<60  ms) along 
with an estimated RV systolic pressure <60 mm 
of Hg [258]. This sign reflects the acute increase 
in PVR compared to a more chronic cause such 
as chronic pulmonary arterial hypertension. 
Similar to McConnell’s, this sign is insensitive 
for the diagnosis of aPE.

As noted above, the clinical effects of aPE 
depend both on clot burden and the underlying 
cardiac reserve—some patients with a massive 
aPE but excellent cardiac reserve might behave 
similarly to patients with sub-massive aPE but 
compromised cardiac reserve [259, 260]. 
Untreated aPE can be fatal in up to 30% of 
patients largely depending on the degree of RV 
compromise [176, 261–263]. Since clinical 
hemodynamic stability appears to be dependent 
on the RV function rather than the magnitude of 
clot burden in aPE, particularly within the first 
hour, confirmation and assessment of mechanical 
stability of RV function are promptly required 
once this diagnosis is entertained [264–287].
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 New Frontiers in the Assessment 
of Right Ventricular Function 
in Acute Pulmonary Embolism

Integrity of RV function plays a pivotal role in 
determining the prognosis after aPE [124, 177, 
179, 264–287]. Experimental data using healthy 
dogs has revealed that acute embolization using 
microbead injections induces dramatic stiffening 
of the PA leading to increased RV stroke work 
[288]. In this particular model, the use of both 
invasive and magnetic resonance imaging mea-
sures to assess PA stiffness and RV systolic func-
tion revealed that the RV was able to shift its 

working conditions, preserve function, and 
maintain hemodynamic coupling with the PA 
despite the acute insult [288]. This however 
occurs at the expense of a reduction in RV effi-
ciency [288]. This interaction between RV and 
PA has clarified our understanding of RV func-
tion and it is now clear that RV systolic function 
cannot be studied in isolation, as both RV and 
PA work in series [289]. Evolution of RV pathol-
ogy from normal to a decompensated state paral-
lels the evolution of pulmonary vascular 
pathology; hence studying the RV and the PA as 
a unit will be critical to understanding the true 
performance of the RV [289].

a

c

b

Fig. 14.27 (a, b) Depict the presence of a RV apical 
thrombus (red arrows) in a patient with biventricular dys-
function due to nonischemic cardiomyopathy. Two days 
later, the patient developed pleuritic chest pain and CTA 

of pulmonary arteries showed pulmonary embolism (c) as 
denoted by the red arrow. Venous duplex of lower extrem-
ities was negative for thrombus
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RV-PA coupling is critically important, and this 
relationship is best demonstrated by changes in 
hydraulic load occurring in the setting of PA stiff-
ening as it will occur in aPE. As the RV is met with 
increased hydraulic wave reflection, its workload 

increases to maintain forward flow. It is important 
to remember that up to one-half of the hydraulic 
power in the main PA is contained in the pulsatile 
components of flow. Thus, acute changes in PA 
impedance, a measure of opposition to these pul-

Clot Burden

≤ 25%
≥ 25 
but 

≤ 50%

≥ 50% 
but 

≤ 75%

≥ 75%

Hypoxia

Mean 
pulmonary 

pressure ≥ 20 
mmHg

+ 
RV dilatation

Mean 
pulmonary 

pressures ≤ 40 
mmHg

+ 
RV dilatation

Mean 
pulmonary 

pressure ≥ 40 
mmHg

+ 
RV failure

Pulmonary Bed Obstruction

Resultant clinical manifestation

Fig. 14.28 Diagrammatic representation of the relation-
ship between clot burden and approximate degree of pul-
monary bed obstruction and corresponding clinical effect 

in the absence of previous cardiopulmonary history and 
normal RV reserve

a b

Fig. 14.29 Representative short-axis views at the level of 
the aortic valve demonstrating (a) RVOT end-diastolic 
length and (b) end-systolic length by the white arrows 

from a normal patient demonstrating excellent RVOT sys-
tolic function (RVOT end-diastolic length – RVOT end- 
systolic length)/RVOT end-diastolic length × 100
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satile components of flow, would be crucial to 
study, though unrealistic, unless they are measured 
in animal models. This is however unrealistic 
except when measured in animal models. The 
elastic properties of the pulmonary vasculature are 
vitally important as the heart would not be able to 
generate forward flow without them [290–292].

From a mechanistic perspective, RV ejection is 
dependent on PVR as well as on the oscillatory or 
pulsatile component of flow that is dissipated as 
wasted energy through the PA system with each 
RV ejection [292–295]. Hence, PA elasticity is cru-
cial to maintain RV efficiency [292–295]. Since 
hemodynamic instability unmistakably predicts 
adverse outcomes and 30-day mortality in aPE 
patients when RV dysfunction is confirmed, a pro-
posed scheme of high-risk features for the potential 
development of hemodynamic instability in aPE is 
listed in Fig. 14.31 [234, 265–287, 296–300].

As previously outlined above, the 
McConnell’s sign suggests a regional rather than 
a global RV dysfunction in aPE [253, 254]. 
However, assessment of myocardial deformation 
with the use of velocity vector imaging often 
detects significant reduction in global myocar-
dial strain generation of all main RV chamber 
segments, including the RV apex rather than 
regional abnormality [301]. Why only some 
patients present with regional compared to 
global RV dysfunction remains unknown and the 
role of the RV apex in aPE and its influence on 
overall prognosis have not been fully elucidated 
[301–303]. A representative velocity vector 

imaging sample from a normal RV showing nor-
mal longitudinal strain of all segments, includ-
ing the RV apex, is shown in Fig. 14.32a–f. In 
sharp contrast, a representative velocity vector 
image is also shown from a patient with con-
firmed aPE (Fig.  14.33a–f) that shows signifi-
cant reduction in overall systolic deformation 
from all segments, a very abnormal RV apical 

a b

Fig. 14.30 Representative short-axis views at the level of 
the aortic valve demonstrating (a) RVOT end-diastolic 
length and (b) end-systolic length by the dashed white 
arrows from a patient with confirmed aPE. No significant 

difference between RVOT end-diastolic and end-systolic 
lengths corresponding to a reduced RVOT systolic excur-
sion based on the formula listed in the figure legend of 
Fig. 14.29
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Fig. 14.31 Schematic diagram demonstrating high-risk 
features on admission that helps in the identification of 
poor prognosis in aPE
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Fig. 14.32 Representative LV speckle tracking imaging sig-
nals obtained from the short-axis view at the level of the pap-
illary muscles from an individual with normal biventricular 
systolic function. Color-coded representation is similar for 
all images and the green corresponds to the anterior septum; 
light purple to anterior wall; light blue to the lateral wall; dark 
blue to the posterior wall; yellow to the inferior wall; and 
deep purple to the inferior septum. (a) Radial velocity is 
shown for all six segments with the systolic component rep-

resented by S, early diastole by E, and late diastole by A. (b) 
Representative rotation rate showing normal synchronous 
counterclockwise as well as clockwise rotation of all seg-
ments. (c) Normal radial displacement curves of all six LV 
segments. (d) Representative radial rotation displacement 
curves showing normal synchronous counterclockwise as 
well as clockwise rotation of all segments. (e) Normal radial 
strain curves for all six LV segments. (f) Normal circumfer-
ential strain curves for all six LV segments
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Radial Strain [accuracy +/- 2.785] 2758 ms.
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Fig. 14.33 Representative LV speckle tracking imaging 
signals obtained from the short-axis view at the level of 
the papillary muscles from a patient with confirmed aPE 
and RV dysfunction and abnormal strain. Color-coded 
representation is similar for all images as listed in 
Fig.  14.30. Green corresponds to the anterior septum; 
light purple to anterior wall; light blue to the lateral wall; 
dark blue to the posterior wall; yellow to the inferior wall; 
and deep purple to the inferior septum. (a) Radial velocity 
is shown for all six segments with the systolic component 

represented by S, early diastole by E, and late diastole by 
A. (b) Representative rotation rate showing dyssynchro-
nous counterclockwise and clockwise rotation abnormali-
ties of all segments. (c) Abnormal radial displacement 
curves of all six LV segments. (d) Representative radial 
rotation displacement curves showing dyssynchronous 
counterclockwise and clockwise rotation abnormalities of 
all segments. (e) Abnormal radial strain curves for all six 
LV segments. (f) Abnormal circumferential strain curves 
for all six LV segments
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Radial Displacement (Endo) [accuracy +/- 0.369] 1511 ms.

ms. 190 380 570 760 950 1140 1330

6.000

4.800

3.600

2.400

1.200

0.000

-1.200

-2.400

-3.600

-4.800

-6.000

c

Rotation (Endo) [accuracy +/- 0.964] 1511 ms.

ms. 190 380 570 760 950 1140 1330

11.000

8.800

6.600

4.400

2.200

0.000

-2.200

-4.400

-6.600

-8.800

-11.000

Counter clockwise

Clockwise

d

Fig. 14.33 (continued)

14 Pulmonary Embolism



244

Radial Strain [accuracy +/- 2.152] 1511 ms.
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segment signature, and significant temporal dys-
synchrony among all six RV segments when 
compared to the well-coordinated peaking of all 
RV segments in Fig. 14.32.

As previously illustrated, RVOT systolic 
excursion has also been a useful echocardio-
graphic variable used in estimating global impair-
ment in RV contractility as well as acute 
hemodynamic derangement [304]. However, the 
ratio between main chamber RV fractional area 
change and RVOT systolic excursion appears to 
be markedly abnormal in patients with proven 
bilateral proximal embolus by 
CTPA. Furthermore, this ratio was also found to 
be a very useful TTE finding when trying to dis-
tinguish aPE from chronic PH [305].

Furthermore, speckle tracking strain imaging 
has been shown to be not only extremely accurate 
and reproducible, but also extremely useful in 

identifying subtle wall motion as well as systolic 
function abnormalities [306–309]. Tissue 
Doppler and speckle tracking imaging have been 
invaluable for assessing myocardial mechanics in 
chronic pulmonary hypertension [172, 310–314], 
especially in quantifying global as well as seg-
mental longitudinal RV peak systolic strain and 
defining the presence of RV dyssynchrony in aPE 
patients [315]. Moreover, these abnormalities in 
RV heterogeneity and dyssynchrony resolve after 
the acute aPE insult and return to normal values 
[315]. Thus, speckle tracking as a portable, accu-
rate, and reproducible imaging modality holds 
particular promise in offering prompt and reli-
able information that can be used not only at the 
bedside for diagnostic purpose, but also for fol-
low- up of aPE patients once appropriate therapy 
is instituted. Representative speckle tracking 
images from a normal individual (Fig. 14.34) and 

Longitudinal Strain (Endo) [accuracy +/- 3.536] 4251 ms.
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Fig. 14.34 Representative velocity vector imaging from 
a normal RV showing normal longitudinal strain curves 
from all six segments. Individual segment recognition is 
as follows: RV free wall annulus side is green; mid RV 
free wall is lilac; apical side of the RV wall is light blue; 

IVS base is dark blue; mid IVS is yellow; and apical side 
of the IVS is purple. Please note that all six segments have 
a normal negative deflection in systole with normal peak 
values of approximately −20%. Specifically, note the nor-
mal movement of the RV apical segment
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from a patient with confirmed aPE (Fig. 14.35) 
are shown.

In order to link the RV-PA unit with the LV, it 
will then be useful to review our current under-
standing of myocardial fiber direction. As pro-
posed by the late Torrent-Guasp, if indeed there 
is a continuum of subepicardial RV muscle fibers 
forming a plane along the posterior LV to the 
region of the left fibrous trigone and these fibers 
do descend from the left fibrous trigone to the LV 
apex [316, 317], then whichever process affects 
the RV will certainly impact the LV. It has been 
shown that potential traction on this muscular 
band by RV dilatation adversely affects basal LV 
rotation in cases of chronic PH [172]. Whether 
this represents a functional continuity between 
the ventricles or is merely a static anatomical 
entity mediated by the IVS remains largely 
unknown. Therefore, it is reasonable to believe 
that similar interactions do occur with sudden 
increase in RV afterload in aPE. In addition, bow-

ing of the IVS towards the LV has been shown to 
alter global LV kinetics in the rat model, even if 
intrinsic LV systolic function is normal [318]. In 
humans, aPE has shown to induce reversible 
global LV dysfunction; nonuniformity of LV con-
tractility in the radial, longitudinal, and circum-
ferential directions; and discoordination of radial 
LV wall motion [315]. Once again, all these 
abnormalities were found to be reversible and 
normalized with treatment after patient stabiliza-
tion [315]. Recent evidence in experimental ani-
mal models suggests that aPE mainly impairs LV 
performance by primarily altering septal strain 
and apical rotation [319]. Similarly, even though 
mainly recognized in case of human chronic PH, 
abnormal LV diastolic function might be likely 
affected by the similar mechanisms during aPE 
[172, 173, 320, 321]. Unfortunately, to date none 
of these mechanisms that directly affect LV dia-
stolic function in cases of aPE have been clini-
cally investigated.
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Fig. 14.35 Representative velocity vector imaging from 
an aPE patient showing abnormal longitudinal strain 
curves from all six segments. Individual segment recogni-
tion is similar as noted for Fig. 14.34. Please note that all 
six segments have significant reduction in the overall sys-

tolic deformation. Specifically, note the very abnormal 
RV apical segment signature. Finally, a significant amount 
of dyssynchrony is also noted as time to peak of all six 
segments is different when compared to the well- 
coordinated peaking of all segments in Fig. 14.34
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 After Acute Pulmonary Embolism 
Diagnosis

In summary, it is clear that certain clinical condi-
tions predispose to the development of DVT and 
also aPE; however, these conditions are also 
found in otherwise healthy people, and aggres-
sive investigation for potential pulmonary embo-
lism is likely to find an incidental clot without 
clinical consequence [322]. In fact, in up to 90% 
of autopsy reports an identifiable new or old PE 
might be found, particularly if microscopic 
examination is done on numerous blocks of lung 
tissue [323–325]. Therefore, it becomes some-
times difficult to determine how often any of 
these clots are clinically significant. Similarly, 
the advent of advanced diagnostic modalities has 
allowed detection of very small thrombi of other-
wise unknown clinical significance [297], partic-
ularly when healthy outpatients present with 
severe pleuritic chest pain.

Several developments have taken place with 
regard to risk, diagnosis, and management of 
VTE since the last European Society of 
Cardiology (ESC) guidelines and update of the 
American College of Chest Physicians in 2016. 
In particular, it is important to take into consid-
eration the very comprehensive 2019 ESC 
guidelines which were developed in collabora-
tion with the European Respiratory Society 
[326]. Here are the most remarkable highlights:

 Risk Assessment

 1. Pretest probability scores include the revised 
Geneva score and the Wells rule [188, 327]. 
Based on the current data, aPE is expected to 
be confirmed according to pretest probability 
in 10% of cases when pretest probability is 
low compared to 30% in moderate and 65% in 
high pretest probability.

 2. The Pulmonary Embolism Rule-out Criteria 
(PERC) score should be limited to patients 
seen in the emergency department with low 
pretest probability that any additional diag-
nostic testing is intended. This PERC score 
includes eight parameters [328]:
 (a) Age <50 years

 (b) Pulse <100 beats/min
 (c) Oxygen saturation >94%
 (d) No unilateral leg swelling
 (e) No hemoptysis
 (f) No recent trauma or surgery
 (g) No VTE history
 (h) No previous oral hormone use

 3. D-dimer [329]:
 (a) Point-of-care D-dimers only to be used in 

patients with a low pretest probability due 
to their reduced sensitivity (88%) com-
pared with the standard laboratory-based 
assay (95%).

 (b) In patients with low-to-intermediate clini-
cal probability of aPE, D-dimer should be 
the initial test. If negative, no treatment is 
indicated. If positive, CTPA should be 
performed for definitive diagnosis.

 (c) Age-adjusted D-dimer (age × 10 mcg/l) 
for patients older than 50 years should be 
considered to identify low-risk patients 
(Class IIa).

 (d) D-dimer cutoff values adjusted for age or 
clinical probability can be used as an 
alternative to the fixed cutoff value.

 4. Definition of hemodynamic instability:
 (a) Cardiac arrest
 (b) Obstructive shock (systolic blood pres-

sure [BP] <90  mmHg or need for vaso-
pressors to achieve BP ≥90  mmHg and 
end-organ hypoperfusion)

 (c) Persistent hypotension (systolic BP 
<90  mmHg or systolic BP drop 
≥40  mmHg lasting longer than 15  min 
and not due to another identifiable cause)

 5. Initial test to be obtained in patients deemed to 
be at a high clinical probability of PE is CTPA.

 Imaging

 1. Accepted diagnosis for VTE and aPE: 
Proximal DVT confirmed by compressive 
 ultrasonography in a patient with clinical sus-
picion for aPE.

 2. TTE alone cannot be used to rule out 
aPE. However, it is quite useful in suspected 
high-risk aPE, in which the absence of echo-
cardiographic signs of RV overload or dys-

14 Pulmonary Embolism



248

function essentially rules out aPE as the 
reason for hemodynamic instability.

 3. Availability of imaging studies for aPE 
diagnosis:
 (a) CTPA is the most accessible not only with 

an excellent specificity (96%) but also 
helping to provide an alternative diagno-
sis. Main concerns are concern for breast 
radiation exposure (3–10 mSv) for young 
women, renal dysfunction, and iodinated 
contrast allergy.

 (b) Even though planar V/Q scan is inexpen-
sive with few contraindications and rela-
tively low radiation exposure (2 mSv), it 
is unable to provide an alternative diagno-
sis and it could be inconclusive in 50% of 
all cases.

 (c) V/Q single-photon emission CT provides 
the lowest rate of nondiagnostic tests 
(<3%), has few contraindications, and 
uses low radiation (2 mSv). Unfortunately, 
it does not provide an alternative diagno-
sis and to date there has been no validated 
outcome data.

 (d) Pulmonary angiography is the gold stan-
dard, but it is an invasive procedure with 
the highest radiation dose (10–20 mSv).

 Prognosis

 1. An initial risk stratification is to be performed 
in all patients with suspected or confirmed 
aPE.  Prognostic assessment should include 
clinical parameters (simplified Pulmonary 
Embolism Severity Index [PESI] score, RV 
function, hemodynamics, and elevated bio-
markers) [147, 149, 330, 331].

 2. Markers associated with an unfavorable short- 
term prognosis in aPE have been associated 
with the presence of tachycardia, low systolic 
BP, respiratory insufficiency, and syncope.

 3. TTE findings associated with a poor progno-
sis are an RV/left ventricular diameter ratio 
≥1.0 and TAPSE <1.6 cm.

 4. An RV/left ventricular diameter ratio ≥1.0 on 
CT is associated with a 2.5-fold increased risk 
of all-cause mortality and 5-fold increased 
aPE-related mortality.

 5. High-sensitivity troponin has a 98% negative 
predictive value when <14 pg/mL for exclud-
ing an adverse in-hospital clinical outcome.

 6. B-type natriuretic peptide, N-terminal pro-B- 
type natriuretic peptide, and troponin have 
low specificity and positive predictive value 
for early mortality for normotensive patients 
with PE.

 7. Elevated lactate, high-serum creatinine, and 
hyponatremia are some of the other laboratory 
markers of adverse prognosis.

 8. Prognostic assessment strategy is recom-
mended for patients without hemodynamic 
instability:
 (a) Low risk (PESI Classes I–II, simplified 

PESI of 0)
 (b) Intermediate low risk (elevated PESI 

score with or without RV dysfunction or 
elevated troponin)

 (c) Intermediate high risk (elevated PESI 
score with both RV dysfunction and ele-
vated troponin)

 (d) High risk (hemodynamic instability)

In addition, the 2019 ESC writing group also 
recommended the following regarding which 
patients are at increased risk of recurrence and 
how to institute follow-up of these patients [326].

 Groups at Increased Risk 
of Recurrence (High at >8%/Year)

 1. A strong (major) attributable transient or 
reversible risk factor, such as major surgery or 
trauma

 2. Persistence of a weak (minor) transient or 
reversible risk factor or a nonmalignant risk 
factor for thrombosis

 3. Index episode that occurred in the absence of 
any identifiable risk factor

 4. One or more previous episodes of VTE
 5. Major persistent prothrombotic condition
 6. Active cancer

In terms of follow-up of these patients, the 
2019 ESC authors recommend performing either 
the Medical Research Council Scale or the World 
Health Organization Functional Scale Assessment 
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3–6  months after aPE diagnosis with dyspnea 
(Class I) [332, 333]. Furthermore, a TTE should 
be ordered if the patient has persistent dyspnea at 
3–6 months (Class IIa) post-aPE. Finally, a V/Q 
scan should be considered at 3–6 months if there 
are concerns for PH to be assessed for chronic 
thromboembolic PH (Class IIa), with referral to a 
PH or chronic thromboembolic PH specialist if 
abnormal (Class I).

Finally, treatment was also addressed by this 
2019 document as follows [326]:

 1. Prompt institution of anticoagulation is 
required in all high- or intermediate- 
probability aPE while awaiting results of 
diagnostic testing (Class I):
 (a) Low-molecular-weight heparin (LMWH) 

and fondaparinux are preferred over 
unfractionated heparin (UFH) given lower 
risks of major bleeding or heparin- 
induced thrombocytopenia (Class I).

 (b) UFH should be reserved for hemodynam-
ically unstable patients or patients await-
ing reperfusion therapy.

 2. Oral anticoagulants:
 (a) Based on current data, direct-acting oral 

anticoagulants (DOACs) are noninferior 
to LMWH and vitamin K antagonist 
(VKA) with lower rates of major bleeding 
and are recommended over VKA in eligi-
ble patients (Class I).

 (b) Recommended dosing regimens:
• Dabigatran parenteral anticoagulation 

for ≥5 days followed by dabigatran 
150 mg BID

• Rivaroxaban 15  mg BID for 3 weeks 
followed by 20 mg QD

• Apixaban 10  mg BID for 7 days fol-
lowed by 5 mg BID

• Edoxaban UFH or LMWH for ≥5 days 
followed by 60  mg daily or 30  mg 
daily if creatinine clearance = 
30–50 mL/min or body weight <60 kg

 (c) If VKA is given, UFH, LMWH, or 
fondaparinux should be continued for ≥5 
days and until international normalized 
ratio is 2.5 (range 2.0–3.0) (Class I).

 (d) Recommended initial starting dose of 
warfarin may be 10 mg when <60 years in 

healthy patients while 5 mg could be used 
initially in all others.

 (e) Novel oral anticoagulants are contraindi-
cated with severe renal impairment, during 
pregnancy and lactation, and in patients 
with antiphospholipid syndrome (Class III).

 3. In terms of systemic thrombolytic therapy this 
should be reserved for high-risk, hemodynam-
ically unstable patients (Class I). When throm-
bolytic therapy fails or patients are not 
considered adequate candidates, then surgical 
embolectomy should be recommended (Class 
I). Catheter-directed thrombolysis should be 
reserved for high-risk patients in whom 
thrombolysis has failed or is contraindicated 
(Class IIa).

 4. Routine use of inferior vena cava filters is still 
not routinely recommended (Class III), though 
it could be considered if there are absolute 
contraindications to anticoagulation (Class 
IIa) or in cases of recurrent PE despite thera-
peutic anticoagulation (Class IIa).

 5. Early discharge from hospital with continua-
tion of home anticoagulation therapy should 
be considered in the following cases:
 (a) Use of the Hestia exclusion criteria that 

utilizes a checklist of clinical parameters 
or questions integrating aspects of aPE 
severity, comorbidity, and feasibility of 
home treatment. The use of this bedside 
tool gives the healthcare professional the 
ability of identifying that when one or 
more of the questions are answered with a 
“yes,” then the patient cannot be dis-
charged early. Consequently, when all 
Hestia criteria are negative, the risk of 
early aPE-related death or serious compli-
cation is low [326].

 (b) No serious comorbidity or aggravating 
conditions warranting hospitalization.

 (c) Logistically intact and identifiable proper 
outpatient care resources and follow-up 
ability.

 Duration of Anticoagulation

 1. Based on current data, all patients should 
receive 3 months of therapy (Class I).
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 2. Discontinuation of therapy is recommended 
after 3 months if index PE/DVT due to major 
transient or reversible risk factor (Class I).

 3. The risk of recurrence is similar when therapy 
is withdrawn at 3–6 months versus 12–24 
months.

 4. Extended duration of anticoagulation 
increases bleeding risk but decreases recur-
rence risk by ≤90%.

 5. Indefinite anticoagulation for recurrent VTE 
not related to a major transient or reversible 
risk factor (Class I).

 6. Indefinite anticoagulation with VKA is rec-
ommended for patients with antiphospholipid 
syndrome (Class I).

Currently recommended algorithm for risk 
stratification, diagnostic, and treatment strat-
egy to assess aPE is shown in Fig. 14.36 [179, 

334–337]. As already reviewed it is critically 
important that objective imaging assessment of 
RV dysfunction (Fig.  14.37) or RV strain is 
done with the use of elevated cardiac biomark-
ers (Fig. 14.38) [334–343]. Pooled diagnostic 
sensitivities, specificities, and negative and 
positive predictive values for the use of TTE, 
CTPA, and cardiac biomarkers are shown in 
Fig. 14.39.

 Chronic Pulmonary Embolism

It is important to now shift gears and discuss a 
prevalent clinical entity found in survivors of 
aPE: a condition known as chronic thromboem-
bolic pulmonary hypertension (CTEPH). The lat-
ter results from either a single or a recurrent 
pulmonary embolism event(s) that for the most 
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Fig. 14.36 Risk stratification, diagnostic, and treatment 
algorithm for patients with aPE. BNP brain natriuretic 
peptide, Fx fondaparinux, ICU intensive care unit, LMWH 
low-molecular-weight heparin, PESI pulmonary embo-

lism severity index, RV right ventricle, tropo troponin, 
UFH unfractionated heparin. (Reprinted with permission 
from Penaloza A, et  al. Curr Opin Crit Care. 2012; 18: 
318–325)
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part originates from a lower extremity vein DVT, 
although any venous thrombosis site can be 
responsible.

Even though the majority of aPE episodes 
typically resolve and restoration of normal pul-
monary hemodynamics, gas exchange, and exer-
cise tolerance occurs, in some patients there is 
incomplete embolic resolution with some resid-
ual degree of obstruction or significant narrowing 
of the central pulmonary vessels by organized 
scar tissue [344]. The latter would then result in 
CTEPH. When CTEPH is left untreated progres-
sive RV failure and even death can occur [345].

Even though the full spectrum leading to 
CTEPH has not been fully defined, it appears 
that incomplete recovery of perfusion after the 
initial aPE insult is a common requisite. 
However, it is now known that changes in the 
distal pulmonary vascular bed, referred to as a 
secondary small- vessel vasculopathy, are also 
critically important for the evolution of this clin-
ical entity in conjunction with a series of other 
characterized steps such as impaired fibrinolysis 
and fibrinogen mutations, endothelial dysfunc-
tion and defects in neoangiogenesis, differential 
gene expression, platelet dysfunction, and 
inflammation [346, 347]. However, it is impor-
tant to point out that in approximately 25% of all 
CTEPH cases no identified preceding PE can be 
found [348].

As already established, for the majority of 
CTEPH cases to occur aPE patients must survive 
the initial event and complete adequate anticoagu-
lation resulting in a whole spectrum of cases in 
which patients may have complete restoration of 
normal perfusion to significant residual chronic 
clot rising that raises the pulmonary pressures 
[349]. Recent data suggest that after 6 months of 

anticoagulation in patients treated for an initial 
aPE event, abnormal perfusion scans can be found 
between 30% and 50% of cases [350, 351]. So not 
only a persistent residual perfusion is a well-
known requisite to develop CTEPH but also the 
larger the residual defect the more likely it is to 
progress to CTEPH [351]. Though the majority of 
patients with persistent perfusion defects after an 
aPE are for the most part either asymptomatic or 
mildly limited with no evidence of resting PH, in 
10% of aPE patients with persistent perfusion 
defects, resting PH develops [350].

Even though there is paucity of data regarding 
true estimates of the incidence of aPE events, it 
has been suggested that approximately 300,000 
aPE events occur yearly in the United States; of 
these aPE survivors some 3000 new cases of 
CTEPH should prospectively be diagnosed per 
year [352]. These estimates do not include the 
potential 25% of all CTEPH cases, not associated 
to a prior PE event [348], simply stating the fact 
that CTEPH is largely underdiagnosed.

To complicate matters even further, rates for 
identifying CTEPH patients might be compli-
cated by the way studies have been conducted 
and what definition was employed in each clini-
cal trial [353–356]. Specifically, estimates for the 
incidence of CTEPH using data from active sur-
veillance studies following aPE patients range 
from 0.1% to 8.8% within 2 years of initial diag-
nosis [353–356].

Based on current data, CTEPH patients could 
be divided into those who survive aPE and those 
patients in whom a particular profile is seen more 
frequently with CTEPH rather than with idio-
pathic pulmonary arterial hypertension. 
Consequently, CTEPH has been associated with 
the following [357–360]:

Test

Echocardiography Computed tomography BNP Pro-BNP Cardiac troponin

Sensitivity (%) (95% CI)

Specificity (%) (95% CI)

Negative predictive value (%) (95% Cl)

Positive predictive value (%) (95% Cl)

70 (46–86)

57 (47–66)

60 (55–65)

58 (53–63)

65 (35–85) 88 (65–96)

70 (64–75)

76 (73–79)

67 (64–70)

93 (14–100) 81 (23–100)

84 (77–90)

73 (68–78)

75 (69–80)

58 (14–92)

81 (65–97)

63 (50–76)

56 (39–71)

58 (51–65)

57 (49–64)

Fig. 14.39 Pooled diagnostic indexes for echocardiography, computed tomography, brain natriuretic peptide (BNP), 
pro-BNP, and cardiac troponin. (Reprinted with permission from Sanchez, O, et al. Eur Heart J. 2008; 29: 1569–1577)
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• Unprovoked aPE cases (odds ratio [OR]: 20.0; 
95% CI: 2.7–100)

• When there is a delay in diagnosis of greater 
than 2 weeks from symptom onset (OR: 7.9; 
95% CI: 3.3–19.0) (28)

• RV dysfunction at the time of aPE
• Initial estimated RV systolic pressure by TTE 

>50 mmHg (3.3 times higher odds of persis-
tent PH at 12 months)

• Antiphospholipid antibodies or the lupus anti-
coagulant is the only hypercoagulable state 
more commonly seen in CTEPH

• Infected ventriculoatrial shunts
• Splenectomy
• History of malignancy
• Hypothyroidism

In terms of diagnosing CTEPH, identification 
of chronic thromboembolic material obstructing 
the pulmonary arteries is required with a precap-
illary PH mean pulmonary artery pressure 
>20 mmHg and a PVR >3 Wood units in the set-
ting of a pulmonary artery occlusion pressure 
<15 mmHg [361].

However, in order to get diagnosed a high 
index of suspicion is required from the onset. 
Unfortunately, the current median time between 
symptom onset and final CTEPH diagnosis is 
14.1 months [348, 360]. A delay that likely con-
tributes is secondary vasculopathy [362]. 
Therefore, it is important that once signs and/or 
symptoms of pulmonary hypertension are 
encountered in patients (regardless of a prior his-
tory of PE or not), obtain a TTE. This imaging 
modality, as previously mentioned, will not only 
provide objective evidence of PH while giving an 
estimate of RV size and function but also give an 
overall assessment of left ventricular size and 
function, valvular structures, and presence of 
intracardiac shunts [362].

If PH is identified, a V/Q scan continues to be 
a very useful imaging modality in the continued 
evaluation of these patients with suspected 
CTEPH.  Diagnosis requires identification of at 
least one but more commonly several segmental 
or larger mismatched perfusion defects. 
Unfortunately, V/Q scans might underestimate 
the extent of pulmonary artery obstruction if 

recanalization of previously occluded segments 
has occurred [363]. If no mismatched segmental 
segment is identified, the patient might be 
referred for further evaluation to a pulmonary 
hypertension center for additional management. 
If, on the other hand, with mismatched defects, a 
CTPA should be considered unless a nonthrom-
botic condition is identified as the cause of the 
PH. CTPA is an excellent diagnostic modality for 
detecting CTEPH when performed at specialized 
centers as interpretive scanning difficulties are 
known to occur otherwise leading to a falsely low 
sensitivity for CT-PA [364–366]. However, even 
when properly interpreted, a negative CT-PA 
scan cannot exclude the possibility of CTEPH 
and consequently a V/Q scan remains as the pre-
ferred initial imaging test for screening [362].

Final CTEPH confirmation requires a right- 
heart catheterization with selective digital sub-
traction pulmonary angiography (DS-PA) that 
not only provides a comprehensive radiographic 
and hemodynamic assessment but can also be 
done with or without exhaled gas analysis.

Once CTEPH has been diagnosed, surgical 
consideration is given to every patient with the 
intention of offering the potential for cure with a 
low perioperative mortality (<5%) at experienced 
surgical centers [367].

Surgical resection of the occluding thrombo-
embolic material to re-establish flow requires 
experienced surgeons that can result in signifi-
cant improvement for most patients immediately 
post-surgery; however, the presence of residual 
PH can result in significant postoperative mor-
bidity for which a number of pharmacological 
treatment options remain available for those 
patients and for inoperable CTEPH [362].

 Conclusion

Acute pulmonary embolism encompasses a very 
heterogeneous patient population whose man-
agement continues to evolve with not only sev-
eral unresolved issues to be answered by future 
or ongoing research but also better risk stratifica-
tion strategies. Considerable progress has been 
made regarding identification of intermediate- 
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high- risk patients, but ongoing discussion still 
debates whether patients classified as low risk 
based on clinical parameters should undergo 
additional imaging, particularly testing for RV 
function. Surely many will argue one way or 
another; some opponents will state that routine 
testing has not been shown to have therapeutic 
implications while others will cite time- and cost- 
intensive data. The fact of the matter is that this is 
still a fluid field and as new data continues to be 
collected, we should be able to change our posi-
tion, if needed.

For the time being it is thoroughly clear that 
aPE is as much a disease of the RV as it is of the 
pulmonary arteries. While the pulmonary burden 
may predict the severity of symptoms, it is the 
RV that determines hemodynamic response and 
survival. Prompt assessment of RV function can 
direct treatment and influence prognosis.
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Right Ventricular 
Cardiomyopathies
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and Barbara Bauce

Even if the presence of a cardiomyopathy involv-
ing the right ventricle (RV) usually identifies 
mainly a specific cardiac disease initially called 
“arrhythmogenic right ventricular cardiomyopa-
thy (ARVC)” and recently renamed “arrhythmo-
genic cardiomyopathy,” it is important to 
emphasize that myocardial insults of various eti-
ologies may involve the RV and lead to structural 
and functional abnormalities.

Thus, in this chapter besides describing in 
detail the pathologic basis and the clinical fea-
ture of AC, we also briefly analyze RV cardio-
myopathic involvement of other cardiac or 
systemic diseases.

 Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (AC) is an 
inherited form of heart disease characterized 
pathologically by myocardial necrosis with fibro- 
fatty replacement and clinically by ventricular 
arrhythmias and impairment of ventricular sys-
tolic function [1, 2].

 Historical Notes and First Clinical 
Descriptions

The first historical description of the condition 
can be found in the book De Motu Cordis et 
Aneurysmatibus, published in 1736 by Giovanni 
Maria Lancisi, who described a large family with 
recurrence of heart failure and sudden death with 
presence on autopsy of RV aneurysms [3].

In 1961, Dalla Volta described a series of 
patients with a dilated right ventricle of nonisch-
emic origin and in whom cardiac catheterization 
demonstrated the presence of auricularization 
(strong right atrial contraction) of the right ven-
tricle pressure curve [4].

The first complete clinical description of the dis-
ease was done in 1982 by Marcus who reported a 
series of 24 adult patients with recurrent episodes of 
ventricular tachycardia with left bundle branch block 
morphology, inverted T waves on the right precor-
dial leads at electrocardiogram (ECG), and RV dila-
tation [5]. Histology examination documented the 
presence of extensive substitution of the RV myocar-
dium with fatty and fibrous tissue. Since that moment 
on, the disease has been called both “arrhythmo-
genic right ventricular dysplasia” or “arrhythmo-
genic right ventricular cardiomyopathy.”

Few years later Thiene reported detailed 
pathologic features of the disease, consisting of 
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myocyte necrosis with fibro-fatty substitution, 
and identified this disease as an important cause 
of sudden cardiac death (SCD) in young subjects, 
with particular regard to athletes [6].

It is noteworthy that initially AC was hypoth-
esized to be a result of a congenital defect of 
myocardial development, while in the following 
years the description of familial recurrence was 
in favor of a genetic origin [7].

 Epidemiology

The AC prevalence is difficult to estimate due to 
the frequent misdiagnoses, but it reasonably 
ranges from 1:1000 to 1:5000 [2, 8]. While in the 
past AC was considered to be an endemic disease 
in North East Italy (“Venetian disease”), now its 
presence is well recognized in different ethnici-
ties [9]. The disease usually becomes clinically 
overt in the second–fourth decades of life and 
males result to be more frequently affected com-
pared to females (up to 3:1) [8, 9]. Nonetheless, 
the disease is rarely diagnosed before puberty.

 Pathological Findings

The AC pathologic basis consists of myocardial 
ventricular atrophy followed by fibro-fatty tissue 
replacement; this process is progressive, starting 
from the epicardium and then extending to the 
endocardium, eventually becoming transmural 
[10, 11] (Fig. 15.1). The progression of the patho-
logic process can lead to wall thinning and aneu-
rysms, typically located at the inferior, apical, and 
infundibular walls of the RV (the so-called trian-
gle of dysplasia, the hallmark of AC). Although in 
the original description the disease was character-
ized by an exclusive or at least predominant RV 
involvement, in the last years the improvement of 
imaging techniques and in particular the introduc-
tion of cardiac magnetic resonance (CMR) with 
contrast agent injection have demonstrated that 
the left ventricle (LV) is frequently involved. For 
this reason the current phenotypic classification of 
the disease considers the presence of three vari-
ants: “right dominant,” characterized by the pre-
dominant RV involvement, with no or minor LV 

abnormalities; “biventricular” with a parallel 
involvement of the RV and LV; and “left domi-
nant” (also referred to as “arrhythmogenic left 
ventricular cardiomyopathy: ALVC”) character-
ized by a predominant LV involvement, with no or 
minor RV abnormalities [12].

This fact has led over the last few years to use 
the broader term of “arrhythmogenic cardiomy-
opathy,” which includes all these phenotypic 
expressions [1, 13].

In AC patients histological examination 
reveals the presence of islands of surviving myo-
cytes interspersed with fibrous and fatty tissue. 
Fatty infiltration, that in original descriptions was 
one of the milestones of the disease histologic 
feature, is now not considered anymore a suffi-
cient morphologic hallmark of the disease, as a 
replacement-type fibrosis and myocyte degenera-
tive changes should always be identified [2, 14].

 Genetic Background

Since the first description, the presence of an inher-
itable pattern of the disease with familial recur-
rence has been demonstrated. In addition, it became 
evident that in the majority of cases the disease was 
inherited through an autosomal dominant transmis-
sion with incomplete penetrance and variable 
expressivity [1]. Notably, in 1986 a disease variant 
characterized by the association between AC and 
palmoplantar keratoderma/woolly hair (cardio-
cutaneous syndrome) was described in Naxos 
Island of Greek and named Naxos syndrome [15]. 
Differently from isolated AC, Naxos syndrome is 
inherited in an autosomal recessive manner with 
full penetrance. In 2000 a deletion in desmosomal 
gene plakoglobin was identified as the underlying 
genetic cause of ACM [16].

Few years later, mutations in other genes 
encoding for main components of the desmo-
some were found to be linked to AC [17].

Thus, it has become evident that abnormalities 
in desmosome structure have a key role in AC 
pathogenesis and for this reason AC is now con-
sidered to be mainly a “disease of the 
desmosome.”

Desmosomes are complex structures consist-
ing of proteins and are responsible for cell adhe-
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b c

Fig. 15.1 Sudden death in AC patient 30 years after his 
clinical presentation with chest pain. At autopsy, the heart 
in cross section reveals diffuse biventricular involvement 
(a) with transmural fibro-fatty replacement of the RV free 
wall (b, trichrome staining ×3) and subepicardial mid- 
mural involvement of the LV free wall (c, trichrome stain-

ing ×3). AC arrhythmogenic cardiomyopathy, LV left 
ventricle, RV right ventricle. (Reproduced form Bariani R 
et  al., “‘Hot phase’ clinical presentation in arrhythmo-
genic cardiomyopathy”. EP Eur 2020, under licence n. 
5007620151917)
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sion and signaling. One important function is to 
tether adjacent cells mechanically by joining 
their intermediate filaments to create a unified 
cytoskeletal network [1, 2] (Fig. 15.2).

Genetic studies demonstrated that approxi-
mately 30–50% of AC patients carry a pathogenic 
mutation in a desmosome gene.

The most frequent gene found in AC patients 
is PKP2 (19–46%) followed by DSP (1–16%), 
DSG2 (2.5–10%), DSC2 (1–8%), and JUP (1%). 
Moreover, approximately 10–25% of AC patients 
carry compound mutations.

 Plakophilin 2 (PKP-2)
This is the most frequently mutated gene that is 
found in AC patients. The presence of heterozy-
gous mutations in this gene is usually linked to 
the “classical” form of the disease with a pre-
dominant RV involvement. The majority of muta-
tions have been identified in the C-terminal 
portion of the protein [18].

 Desmoplakin (DSP)
Several mutations involving this gene have been 
identified so far, often leading to the synthesis of 
a truncated protein at the N-terminal or 
C-terminal side. Interestingly, these mutations 

can have different phenotypic expressions: if 
mutation involves N-terminal portion, the result-
ing phenotype is a classic form of AC with auto-
somal dominant transmission [19] while 
mutations on the C-terminal end (the one that 
interacts with intermediate filaments) are usually 
expressed with predominant LV involvement 
(ALVC) [19, 20]. Finally, the presence of a 
homozygous mutation can be characterized phe-
notypically by biventricular AC forms with 
almost exclusively fibrous infiltration associated 
with cutaneous involvement (Carvajal syn-
drome) [21]. The different clinical AC pheno-
types linked to different protein domains of 
desmoplakin (N- or C-terminal) suggest the 
presence of distinct molecular mechanisms 
underlying the different disease variants. Thus, it 
has been speculated that the left- dominant vari-
ant may be secondary to an altered desmoplakin- 
desmin linkage, which compromises the integrity 
of the cytoskeleton in cardiomyocyte while an 
alteration in the relationship between desmopla-
kin and other components of desmosome would 
cause a classical disease phenotype [20]. 
Recently, a study compared clinical data of 
patients with truncating mutations in DSP and 
PKP-2 genes [22]. Authors concluded that LV 

Fig. 15.2 Schematic representation of the complex inte-
gration of mechanical and electrochemical signaling at 
cardiac intercalated discs and it highlights the proposed 
remodeling of desmosomes, gap junctions, and ion chan-
nels in arrhythmogenic cardiomyopathy. (Reproduced 

under license (n. 5014280291051) from Elliott PM, 
Anastasakis A, Asimaki A, et al. Definition and treatment 
of arrhythmogenic cardiomyopathy: an updated expert 
panel report. Eur J Heart Fail. 2019;21(8):955–964. 
doi:https://doi.org/10.1002/ejhf.1534)
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involvement was exclusively present in patients 
with DSP mutations, which also had a preserved 
systolic function of both ventricles compared to 
PKP-2 patients. At CMR these patients fre-
quently showed LGE on the LV, mainly located 
in lower and inferoseptal segments. Of note a 
frequent positive history of chest pain episodes 
in DSP patients was reported, both probands and 
family members; it has also been noted that 
acute episodes of myocardial damage can occur 
even in the presence of normal systolic function 
[22].

 Desmoglein 2 (DSG-2)
Nine different mutations regarding this gene are 
currently known and are mainly located in the 
N-terminal region, responsible for a classical AC 
phenotype, even if in some cases a phenotypic 
overlap with dilated cardiomyopathy (DCM) has 
been reported [23].

 Desmocollin 2 (DSC-2)
Mutations of this gene lead to premature trunca-
tion of desmocollin protein, with loss of its nor-
mal function, and they are associated with 
right-dominant forms. Both autosomal recessive 
and dominant transmission are reported [24].

 Plakoglobin (JUP)
Deletion at the C-terminal end of this gene leads 
to formation of a truncated protein. Homozygous 
mutations are associated with Naxos cardio- 
cutaneous syndrome, with autosomal recessive 
transmission, while heterozygous mutations are 
expressed with only cardiac ventricular involve-
ment [25].

Although less frequently found, mutations in 
non-desmosomal genes have also been linked to 
AC: desmin (DES), filamin C (FLNC), trans-
membrane protein 43 (TMEM-43), lamin A/C 
(LMNA), titin (TTN), phospholamban (PLN), 
α-T-catenin (CTNNA-3), cadherin-2 (CDH2), 
transforming growth factor-β3 (TGF-β3), ryano-
dine receptor 2 (RYR2), and Nav1.5 (SCN5A).

α-T-Catenin (CTNNA3)
This protein interacts with PKP-2 in the interca-
lated disc. Mutations in this gene lead to a 

decreased binding capacity to desmosomal com-
ponents, resulting in impaired intercellular adhe-
sion function. This form is usually characterized 
by incomplete penetrance [26].

Cadherin-2 (CDH2)
It is an integral glycoprotein that mediates cell 
adhesion in the presence of calcium. The intra-
cellular domain is connected to actin filaments by 
catenins. Recently, in the worldwide cohort of 
patients affected by AC, previously negative at 
the genetic examination, mutations in CDH2 
were detected. Moreover, these patients had an 
increased risk of ventricular arrhythmias, while 
evolution toward heart failure is rare [27].

Laminin (LMNA)
It is a nuclear matrix protein whose mutations are 
expressed with a wide phenotypic variety that 
may, although rarely, include cardiac involve-
ment with an AC phenotype [28]. It is most fre-
quently found in severe forms of the disease, with 
a dilated phenotype and high risk of sudden car-
diac death [29].

Desmin (DES)
It is an intermediate filament protein that is 
essential for the organization of the cytoskele-
ton and structural maintenance of cardiomyo-
cytes. Mutations in this gene, which often have 
complete penetrance, cause a group of skeletal 
myopathies associated with conduction blocks 
and cardiomyopathy, associated with a dilated 
or restrictive phenotype, and sometimes an AC 
forms [30]. It is interesting to underline that 
recently a mutation of this gene, compromising 
the binding between desmin and desmoplakin, 
has been described in AC subjects with a pre-
dominant and severe involvement of the LV 
[31].

Transmembrane Protein 43 (TMEM-43)
This is a nuclear protein that interacts with sev-
eral other proteins in nucleus and with various 
transcription factors and it is reported to be 
responsible for a severe, full-penetrance 
 phenotype of AC associated with a high risk of 
SCD [32].
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Titin (TTN)
This giant protein is an important constituent of 
sarcomeres and one of the main pathogenic genes 
in cardiomyopathies with hypertrophic and 
dilated phenotype. A possible correlation between 
TTN and AC has been hypothesized considering 
its direct and close contact with intercalary discs. 
The AC phenotype linked to titin mutations is 
characterized by a biventricular involvement with 
high risk of heart failure, presence of arrhythmias 
(both supraventricular tachycardia and ventricu-
lar arrhythmias) and conduction blocks, config-
uring an “overlap syndrome” between different 
cardiomyopathies [33].

Filamin C (FLNC)
Filamins are a family of proteins that intercon-
nect actin filaments, forming a network, and 
anchor membrane-associated proteins to the 
cytoskeleton, thus contributing both to structural 
stability and to signal transduction from cell 
membrane. FLNC is associated with sarcomere 
disc and mutations in the FLNC gene and muta-
tions have been found in skeletal muscle myopa-
thies and in dilated and restrictive 
cardiomyopathies. Truncated mutations of the 
FLNC gene have been associated with left- 
dominant forms of AC, with high prevalence of 
ventricular arrhythmias and signs of fibrosis on 
CMR and/or histological examination [34].

Ryanodine Receptor 2 (RYR2)
This was the first non-desmosomal gene to be 
described as associated with AC. RYR2 encodes 
for the cardiac ryanodine receptor, an important 
channel that allows calcium ions to pass from the 
sarcoplasmic reticulum to the cytoplasm during 
cardiac systole. This gene is usually associated 
with a primary nonstructural cardiomyopathy 
(catecholaminergic polymorphic ventricular 
tachycardia), but some mutations, probably due 
to a different molecular mechanism, are expressed 
with an AC phenotype characterized by frequent 
exercise-induced arrhythmias [35, 36].

Nav1.5 (SCNA5)
Voltage-dependent sodium channels play a cen-
tral role in the creation and propagation of the 

action potential through cardiomyocytes. 
Mutations in SCNA5 gene, which encodes for the 
pore-forming subunit of the Na+ channel, have 
been associated with several arrhythmic diseases, 
including Brugada, long QT, and sick sinus node 
syndromes. They have also been found in a small 
percentage of AC patients, associated with an 
elongated QRS, but its role as disease gene has 
still to be elucidated [37].

Phospholamban (PLN)
This is a transmembrane protein of the sarcoplas-
mic reticulum involved in calcium transport by 
inhibiting the activity of the SERCA2 (sarcoplas-
mic/endoplasmic reticulum calcium ATPase) pump. 
Mutations in this gene are associated with restric-
tive, dilated, and arrhythmogenic cardiomyopa-
thies; in the latter, a particularly severe phenotype is 
frequently found, with biventricular involvement 
and a peculiar electrocardiographic pattern (severe 
reduction of QRS voltages in limb leads) [38]. In a 
mouse model it was shown that a mutation in the 
PLN gene (Arg14del) leads to a high risk of devel-
oping DCM or AC with heart failure [39].

In the last 10 years, an increasing number of evi-
dence and advances in molecular research have led 
to a change in the etiology of AC. From the initial 
idea of a monogenic disease, recent findings sug-
gest rather a complex genetic condition, in which 
the phenotype is determined by the interaction of 
multiple genetic and environmental factors [1, 2]. 
The frequency of compound and digenic heterozy-
gosity is reported to be 10–25% of cases depending 
on the study population. Noteworthy, genotype-
phenotype correlation studies have shown that a 
higher mutational load correlates with an unfavor-
able clinical course, a higher risk of SCD, and fre-
quent biventricular involvement [40–42].

 Clinical Features and Natural History

In AC the presence of fibro-fatty tissue leads both 
to morphological ventricular abnormalities and 
circuits that constitute the anatomic basis of reen-
try ventricular arrhythmias. The diagnosis of the 
disease relies on the demonstration of anamnestic, 
clinical, morphological, and electrophysiological 
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parameters which can be achieved from different 
instrumental tools. The phenotypic aspects of AC 
can variate in a considerable way, ranging from 
asymptomatic family members with mild forms of 
the disease to symptomatic patients who experi-
enced life-threatening ventricular arrhythmias or 
refractory heart failure [1]. In affected families the 
presence of carriers of disease gene mutations has 
been demonstrated who do not show any signs of 
the disease (the so- called healthy carriers). The 
most common clinical presentation consists of 
arrhythmic symptoms such as palpitations, synco-
pal episodes, or cardiac arrest; unfortunately, SCD 
can be the first clinical manifestation of the disease 
in previously asymptomatic individuals, especially 
in the young and in competitive athletes [43, 44]. 
Classically, different clinical phases of the disease 
have been identified: (1) the initial “concealed 
phase” with absence of overt ventricular structural 
abnormalities, with or without minor ventricular 
arrhythmias; (2) the second phase of “clinically 
overt disease” characterized by the onset of ven-
tricular arrhythmias and presence of ventricular 
functional and structural abnormalities; (3) the 
third phase that is due to progression of ventricular 
muscle disease leading to RV impairment with RV 
failure and relatively preserved LV function; and 
(4) the fourth phase “end stage” with biventricular 
pump failure. The prognosis in patients affected 
with AC is related to the degree of electric instabil-
ity and of ventricular muscle disease. The overall 
mortality rate varies in literature, due to the differ-
ent patients’ selection. In a study on 37 AC fami-
lies with a mean follow-up of 8.5 years, a mortality 
of 0.08% per year was found [8], while in a series 
of 61 AC patients with a mean follow-up of 
4.6 years the mortality rate was estimated to be of 
4% per year [45]. This high variability is probably 
in relation to the different populations and reflects 
the wide spectrum of AC clinical phenotype [2].

 Sports Activity and Arrhythmogenic 
Cardiomyopathy

James et al. first reported in humans that a history 
of intense exercise was more often associated 
with desmosomal gene mutation carriers devel-

oping the disease and patients with overt AC suf-
fering from major ventricular arrhythmias [46]. 
From then on, many other studies [47–53] con-
firmed that sports activity, especially if pro-
longed, promotes the development of AC in 
genotype-positive/phenotype-negative patients, 
deteriorates ventricular function in patients with 
overt AC, triggers ventricular arrhythmias, and 
increases the likelihood of ICD interventions. 
Indeed, the physical activity generates a mechan-
ical stress at the level of a previously genetically 
impaired cell-cell adhesion, thus promoting myo-
cyte death. In particular, Ruwald et  al. showed 
that participation in competitive sport was associ-
ated with an absolute risk of potentially lethal 
arrhythmic events of 61% at 40 years of age in 
AC patients [49]. Sawant et  al. and Lie et  al. 
reported more severe RV dysfunction, LV dys-
function, and heart failure when endurance train-
ing was carried on [47, 50]. Animal studies 
demonstrated that in heterozygous plakoglobin- 
deficient (JUP+/−) mice endurance training 
(daily swimming) promoted the development of 
RV abnormalities such as dilatation and dysfunc-
tion and ventricular arrhythmias [54]. Moreover, 
the effect of endurance training in enhancing RV 
abnormalities was demonstrated in a mouse 
model overexpressing a nonsense plakophilin-2 
(PKP2) gene mutation after adeno-associated 
virus injection [55]. Conversely, the risk of VAs 
and mortality both in AC patients and genotype- 
positive relatives can be reduced by lowering 
exercise [8, 49, 50]. Thus, on the one hand, pre-
clinical genetic testing among asymptomatic 
gene carriers with the aim to educate about life-
style changes can prevent the development of the 
disease in this category. On the other hand, the 
identification of early stages of the disease by 
preparticipation screening and disqualification 
from competitive sports activity may prevent dis-
ease progression and fatal arrhythmias [56]. 
Accordingly, both European and American 
guidelines recommend restriction from competi-
tive sports activity of AC patients and at-risk rela-
tives as a measure aimed to reduce the risk of 
SCD [57, 58]. However, considering the general 
physical and mental health benefits related to 
exercise, ESC guidelines allow a maximum of 
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150  min of low-moderate-intensity (3–6 meta-
bolic 292 equivalent) exercise per week in all 
affected and at-risk subjects [57].

 Disease Diagnosis

AC diagnosis is multiparametric as a single spe-
cific diagnostic marker does not exist, due to the 
wide clinical phenotype and a clinical overlap with 
other cardiac diseases. In 1994, an international 
task force proposed a diagnostic scoring system 
with major and minor criteria with the aim to uni-
form the diagnosis [59]. Definite AC diagnosis 
included two major criteria or one major and two 
minor criteria or four minor criteria from different 
categories. In the following years, clinical studies 
demonstrated these criteria to be highly specific 
but lacked sensitivity for the diagnosis in mild 
forms of the disease. For this reason, diagnostic 
criteria were revised in 2010, with addition of 

quantitative measurement of imaging tools and of 
new ECG parameters. Moreover, genetic analysis 
results entered among diagnostic criteria [60]. In 
2019 an International Expert Report provided an 
extensive critical review of the clinical perfor-
mance of AC ongoing diagnostic criteria with the 
aim to identify potential areas of improvement 
[60]. Major limitations of the 2010 Task Force cri-
teria were considered to be the incomplete under-
standing of the genetic background of the disease 
and the absence of specific criteria for the diagno-
sis of the broader spectrum of the disease pheno-
types, including ALVC forms [61, 62]. Moreover, 
2010 criteria did not consider tissue characteriza-
tion findings provided by CMR which offer the 
possibility to identify myocardial fibrosis and play 
a key role in the accurate diagnosis of the LV phe-
notype. For these reasons in 2020 a modification 
of diagnostic criteria, called “Padua criteria” 
(Table  15.1) which included also CMR findings 
and presence of ALVC forms, was proposed [13].

Table 15.1 “Padua criteria” for diagnosis of arrhythmogenic cardiomyopathy

Category
Right ventricle (upgraded 2010 ITF 
diagnostic criteria) Left ventricle (new diagnostic criteria)

I. Morpho-functional 
ventricular 
abnormalities

By echocardiography, CMR, or 
angiography:
Major
• Regional RV akinesia, dyskinesia, 
or bulging, plus one of the following:
   –  Global RV dilatation (increase of 

RV EDV according to the 
imaging test-specific 
nomograms)

   –  Global RV systolic dysfunction 
(reduction of RV EF according to 
the imaging test-specific 
nomograms)

Minor
•  Regional RV akinesia, dyskinesia, 

or aneurysm of RV free wall

By echocardiography, CMR, or  
angiography:
Minor
•  Global LV systolic dysfunction (depression 

of LV EF or reduction of echocardiographic 
global longitudinal strain), with or without 
LV dilatation (increase of LV EDV according 
to the imaging test-specific nomograms for 
age, sex, and BSA)

Minor
•  Regional LV hypokinesia or akinesia of LV 

free wall, septum, or both
II. Structural 
myocardial 
abnormalities

By CE-CMR:
Major
•  Transmural LGE (stria pattern) of 

≥1 RV region(s) (inlet, outlet, and 
apex in two orthogonal views)

By EMB (limited indications):
Major
•  Fibrous replacement of the 

myocardium in ≥1 sample, with or 
without fatty tissue

By CE-CMR:
Major
•  LV LGE (stria pattern) of ≥1 bull’s eye 

segment(s) (in two orthogonal views) of the 
free wall (subepicardial or midmyocardial), 
septum, or both (excluding septal junctional 
LGE)
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Table 15.1 (continued)

Category
Right ventricle (upgraded 2010 ITF 
diagnostic criteria) Left ventricle (new diagnostic criteria)

III. Repolarization 
abnormalities

Major
•  Inverted T waves in right precordial 

leads (V1, V2, and V3) or beyond in 
individuals with complete pubertal 
development (in the absence of 
complete RBBB)

Minor
•  Inverted T waves in leads V1 and 

V2 in individuals with completed 
pubertal development (in the 
absence of complete RBBB)

•  Inverted T waves in V1, V2, V3, 
and V4 in individuals with 
completed pubertal development in 
the presence of complete RBBB

Minor
•  Inverted T waves in left precordial leads 

(V4–V6) (in the absence of complete LBBB)

IV. Depolarization 
abnormalities

Minor
•  Epsilon wave (reproducible 

low-amplitude signals between the 
end of QRS complex and the onset 
of the T wave) in the right 
precordial leads (V1–V3)

•  Terminal activation duration of 
QRS ≥55 ms measured from the 
nadir of the S wave to the end of the 
QRS, including R′, in V1, V2, or V3 
(in the absence of complete RBBB)

Minor
•  Low QRS voltages (<0.5 mV peak to peak) 

in limb leads (in the absence of obesity, 
emphysema, or pericardial effusion)

V. Ventricular 
arrhythmias

Major
•  Frequent ventricular extrasystoles 

(>500 per 24 h), non-sustained or 
sustained ventricular tachycardia of 
LBBB morphology

Minor
•  Frequent ventricular extrasystoles 

(>500 per 24 h), non-sustained or 
sustained ventricular tachycardia of 
LBBB morphology with inferior 
axis (“RVOT pattern”)

Minor
•  Frequent ventricular extrasystoles (>500 per 

24 h), non-sustained or sustained ventricular 
tachycardia with a RBBB morphology 
(excluding the “fascicular pattern”)

VI. Family history/
genetics

Major
• AC confirmed in a first-degree relative who meets diagnostic criteria
• AC confirmed pathologically at autopsy or surgery in a first-degree relative
•  Identification of a pathogenic or likely pathogenetic AC mutation in the patient under 

evaluation
Minor
•  History of AC in a first-degree relative in whom it is not possible or practical to 

determine whether the family member meets diagnostic criteria
•  Premature sudden death (<35 years of age) due to suspected AC in a first-degree 

relative
• AC confirmed pathologically or by diagnostic criteria in a second-degree relative

Modified from Corrado et al. “Diagnosis of arrhythmogenic cardiomyopathy: The Padua criteria”, International Journal 
of Cardiology, Volume 319, 2020, Pages 106–114
AC arrhythmogenic cardiomyopathy, BSA body surface area, EDV end-diastolic volume, EF ejection fraction, ITF 
International Task Force, LBBB left bundle branch block
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 Diagnostic Tools in AC

As stated above, current AC diagnostic criteria take 
into consideration different parameters regarding 
anamnesis, electrophysiological features, and find-
ings coming from imaging techniques.

 Personal and Familial Anamnesis
Patients could be completely asymptomatic or 
complain about palpitations, dizziness, or synco-
pal episodes. In the presence of a severely 
reduced ventricular function, heart failure symp-
toms and signs could be present. A careful family 
history investigation with particular regard to 
SCD cases and presence of relatives showing 
arrhythmic diseases or presenting with arrhyth-
mic symptoms should be performed. Finally, a 
family pedigree should be created.

 Twelve-Lead Electrocardiogram (ECG)
ECG pattern plays a central role in AC diagnosis, 
as loss of electrical forces secondary to myocar-
dial atrophy, conduction abnormalities caused by 
fibrofatty replacement and/or right ventricular 
dilatation, and presence of a transmural voltage 
gradient between injured and healthy myocytes 
lead to ventricular depolarization/repolarization 

activities that can be appreciated on ECG [63]. 
Nonetheless, in a significant number of AC 
patients, ranging from 12% to 50% on different 
series, ECG can be normal [64–66]. The ECG 
patterns that can be found are the following 
(Figs. 15.3, 15.4, and 15.5):

 – Delay of terminal activation time: It is defined 
as a slurring of the S wave in leads V1–V3 
with the longest value from the nadir of the S 
wave to the end of all QRS ≥55  ms in the 
absence of r′ in leads V1–V3.

 – Right ventricular conduction delay: Presence of 
conduction delay can be represented mainly by 
an incomplete right bundle branch block (RBBB) 
(rSr1  in lead V1 and QRS duration <120  ms) 
while a complete RBBB is less common.

 – QRS fragmentation: It is defined as the pres-
ence of additional spikes within the QRS 
 complex due to a regional delay of the normal 
ventricular conduction linked to fibro-fatty 
infiltration.

 – Negative T waves: Inverted T waves on right 
precordial leads (V1, V2, and V3) in subjects 
older than 14 years are considered a diagnos-
tic criterion for AC as they are related to the 
RV volumes. In addition, inverted T waves on 

Fig. 15.3 ECG pattern of a patient affected by right-dominant arrhythmogenic cardiomyopathy. Presence of T-wave 
inversion right precordial leads (V1 through V3) secondary to the fibro-fatty replacement of the RV
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inferior and lateral leads (V5–V6) can suggest 
a LV involvement.

 – Low QRS voltages: Defined as a peak-to-peak 
QRS amplitude of less than 5 mm in the limb 
leads and/or less than 10 mm in the precordial 

leads [67]. The presence of low QRS voltages 
in limb leads has been demonstrated to be 
associated with the presence of LV late 
enhancement (LGE) and it is one of the crite-
ria for ALVC diagnosis [13, 68].

Fig. 15.4 ECG pattern of a patient affected by arrhyth-
mogenic cardiomyopathy with biventricular involvement. 
Negative or flattening T waves are present in both precor-

dial and limb leads. Moreover, QRS complex voltages are 
reduced in all leads as a result of extensive fibro-fatty 
replacement in both ventricles

Fig. 15.5 ECG of a patient affected by left-dominant arrhythmogenic cardiomyopathy. T-wave inversion in lateral and 
limb lead is suggestive of left ventricular involvement
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 Ventricular Arrhythmia (VA) Detection
VAs linked to AC usually have a left bundle 
branch block (LBBB) pattern. While a left-axis 
deviation can lead to suspecting the presence of 
an AC form, the main problem is the differentia-
tion from idiopathic ventricular arrhythmias with 
right-axis deviations originating from the RV 
infundibulum. The most sensitive parameters are 
a QRS duration in lead I ≥120 ms, a QRS transi-
tion in V6, notching on any complex, and early 
QRS onset in V1 [69, 70]. Regarding their com-
plexity, ventricular arrhythmias can be isolated or 
organized in runs of non-sustained ventricular 
tachycardia (NSVT) or sustained ventricular 
tachycardia (sVT). Ventricular fibrillation (VF) is 
mostly reported in young patients during the ear-
lier phases of AC, whereas sustained VTs occur 
more commonly later in the disease course [71]. 
Bhonsale et  al. [72] demonstrated that AC 
patients who experienced ventricular fibrillation 
and SCD were significantly younger (median age 
23  years) than those presenting with sustained 
monomorphic VTs (median age 36  years). In 
addition, in patients with late presentation 
(>50  years) sustained VT was the predominant 
arrhythmic event, while in young population VF 
was more common [73]. This age-related behav-
ior of arrhythmic pattern could be explained by 
the progressive nature of the disease, considering 
that monomorphic VT is usually linked to reentry 
circuits around stable fibro-fatty myocardial 
scars that are the result from a long pathologic 
process, while VF may be the result of acute elec-
trical instability, particularly in the context of 
myocarditis-mediated bouts of acute myocyte 
necrosis [71, 74].

 Two-Dimensional 
Echocardiography

Echocardiography is the first-line imaging 
modality in AC, since it is a noninvasive, widely 
available technique which can provide informa-
tion about volumes and systolic function of both 
ventricles. However, echocardiographic diagno-
sis in AC requires a specific expertise due to the 
retrosternal position, the complex geometry, and 
the load dependency of the RV [75]. In addition 

to this, echocardiography shows a low sensitivity, 
especially in the early stages of the disease [76].

Regional wall motion abnormalities (RWMA), 
together with global RV dysfunction and dilation, 
represent the macroscopic results of the fibro- fatty 
changes at the histological level. The echocardio-
graphic diagnosis of AC lies consequently in dem-
onstrating their presence while performing the 
exam. Regional RV akinesia, dyskinesia, or aneu-
rysm; right ventricle outflow tract (RVOT) diameter 
(measured from either parasternal long- axis 
[PLAX] view or parasternal short-axis [PSAX] 
view); and RV-fractional area change (FAC) are the 
only standard echocardiographic measures included 
in the 2010 Task Force criteria [60] (Table 15.2).

Moreover, even if not proved to raise the diag-
nostic sensibility, other parameters such as the 
RV basal diameter and those obtained by 
advanced echocardiographic methods have been 
proposed to strengthen the suspicion of AC in 
dubious cases [77].

 Advanced Echo Modalities

Contrast echocardiography, Doppler tissue imag-
ing, tissue deformation imaging, and 3D 
 echocardiography are emerging tools in the echo-
cardiographic assessment in AC.

Table 15.2 Diagnostic echocardiographic criteria in AC 
modified from Marcus et al. [60]

Echocardiographic criteria for AC from the 2010 Tasks 
Force Criteria:
   Global or regional dysfunction and structural 

alterations
    Major
     Regional RV akinesia, dyskinesia, or aneurysm 

and one of the following measured at end 
diastole:

    PLAX RVOT ≥32 mm

    PSAX RVOT ≥36 mm

    Fractional area change ≤33%
    Minor
     Regional RV akinesia or dyskinesia and one of 

the following measured at end diastole:

    PLAX RVOT ≥29 to <32 mm

    PSAX RVOT ≥32 to <36 mm

    Fractional area change >33% to ≤40%
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Contrast echocardiography can enhance the 
detection of RWMAs if the image quality is not 
satisfying [78]. Doppler tissue imaging for the 
measurement of the peak systolic annular veloc-
ity (s′) of the RV can provide additional informa-
tion about the RV longitudinal systolic function. 
The latter can also be assessed by tissue deforma-
tion imaging that typically shows a reduced RV 
strain and an increased mechanical dispersion in 
AC patients [48, 79, 80]. Since these parameters 
are altered early before other macroscopic 
changes become evident, they appear particularly 
useful when early stages are suspected or when 
looking for the disease in relatives. 3D echocar-
diography allows a precise assessment of RV vol-
umes and function, despite losing accuracy when 
end-stage forms with extremely enlarged ventri-
cles are addressed [81].

 Cardiac Magnetic Resonance

Cardiac magnetic resonance can allow a compre-
hensive evaluation of volumes, function, and tis-
sue characterization in a single investigation. A 
standardized protocol is recommended when 
approaching AC patients, with cine images per-
formed using steady-state free precession (SSFP) 
sequences and LGE images using phase-sensitive 
inversion recovery (PSIR) sequences [82]. Most 
of our knowledge about common findings as evi-
denced by CMR comes from studies carried out 
in patients affected by the classic right pheno-
type. Recognized CMR features associated with 

AC are RV wall thinning, RVOT enlargement, 
trabecular disarray, fibro-fatty replacement, ven-
tricular dilatation, focal bulges, microaneurysms, 
and global or regional systolic dysfunction [82] 
(Fig. 15.6).

The CMR criteria in 2010 TF [60] included 
quantitative metrics, such as RV dilatation or 
global dysfunction, and qualitative findings, like 
akinesia, dyskinesia, and dyssynchronous con-
traction (i.e., RWMAs) (Table 15.3).

Besides these morpho-functional anomalies, 
CMR can show also structural alterations, such 
as fat infiltration by T1-weighted spin-echo 
images, and LGE by post-contrast sequences at 
the RV level. However, given the low reproduc-
ibility and inconsistency of these measures, nei-
ther of them was included into the 2010 TF 
criteria. As stated above in 2020 Padua criteria 
included also LGE among the criteria for diagno-
sis. Notably, detections of LGE at the RV level 
are hampered by the thin RV wall, which makes 
the LGE analysis less consistent than for the LV 
[83]. Moreover, LGE cannot distinguish between 
fat and fibrosis [82]. Also, LGE is a nonspecific 
finding that can be found in other diseases that 
mimic AC, such as myocarditis, sarcoidosis, and 
dilated cardiomyopathy. Likewise, intramyocar-
dial fat has been demonstrated in older, obese 
patients and it is a common finding in autopsy 
cases dying for noncardiac causes [84–86]. 
Despite these limitations, contrast-enhanced 
CMR is currently the ideal technique to address 
the emerging biventricular and the left-dominant 
variants, thanks to its tissue characterization 

a b c d

Fig. 15.6 CMR images of a patient affected by right- 
dominant arrhythmogenic cardiomyopathy. (a, b) Apical 
four-chamber view and mid short-axis view of cine 

images showing severe dilatation of the RV. (c, d) Apical 
four-chamber view and mid short-axis view of post- 
contrast sequences showing extensive LGE of the RV
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capability that allows the detection of both fibro-
sis and fibro-fatty infiltration at the LV level 
(Fig. 15.7).

 Endomyocardial Biopsy

It is an invasive procedure that is performed via 
venous access and catheterization of right heart 
and which allows the sampling of myocardium 

from free wall of the RV, which is then subjected 
to histological analysis. Although it is a part of 
the diagnostic 2010 Task Force criteria, this 
examination, due to its invasiveness, is reserved 
for selected AC patients, in which phenocopies 
(dilative cardiomyopathy, myocarditis, sarcoid-
osis) should be excluded [87]. As mentioned 
above, the sample is taken preferably from the 
free wall of the ventricle (the septum is rarely 
involved in classic variants of AC), and, in order 
to increase sensitivity and reduce risk of wall per-
foration, it should be guided by electro- 
anatomical mapping or CMR [14, 87]. 
Endomyocardial biopsy offers an in vivo charac-
terization of the distinctive element of the dis-
ease, like fibro-fatty replacement and loss of 
myocytes. In details, according to the parameters 
of the International Task Force [88] if on mor-
phometric analysis the residual myocytes are 
<60%, the major criterion is considered, and if 
between 65% and 70%, the minor criterion is 
considered. This method can help in the differen-
tial diagnosis between AC and so-called pheno-
copies of disease, such as DCM, myocarditis, 
sarcoidosis, or other conditions leading to myo-
cardial tissue replacement. However, although 
endomyocardial biopsy can unequivocally detect 
the presence of fibrous or fibroadipose replace-
ment and quantify the proportion of residual 
myocytes, it is severely limited by its poor sensi-
tivity. Indeed, since pathological process affects 
the heart muscle focally and proceeds from epi-
cardium through the endocardium, a negative his-

Table 15.3 Diagnostic cardiac magnetic resonance- 
based criteria in AC modified from Marcus et al. [60]

Cardiac magnetic resonance-based criteria for AC 
form the 2010 Task Force Criteria:
   Global or regional dysfunction and structural 

alterations
    Major
     Regional RV akinesia, dyskinesia, or 

dyssynchronous RV contraction and one of the 
following:

     –  Ratio of RV end-diastolic volume to BSA 
≥110 mL/mq (male) or ≥110 mL/mq 
(female)

     –  RV ejection fraction ≤40%
    Minor
     Regional RV akinesia, dyskinesia, or 

dyssynchronous RV contraction and one of the 
following:

     –  Ratio of RV end-diastolic volume to BSA 
≥100 to <110 mL/mq (male) or ≥90 to 
<100 mL/mq (female)

     – RV ejection fraction >40% to ≤45%

AC arrhythmogenic cardiomyopathy, BSA body surface 
area, RV right ventricle

a b c

Fig. 15.7 CMR images of a patient affected by arrhyth-
mogenic cardiomyopathy with biventricular involvement. 
(a) Apical four-chamber view of cine images showing 
dilatation of both ventricles with thinning of the LV lateral 

wall. (b) T1-weighted black blood sequences with fat sup-
pression demonstrating fatty infiltration of septal and lat-
eral walls. (c) Post-contrast sequences showing LGE in 
the same locations as in (b)
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tological sample does not necessarily imply the 
absence of disease. Immunohistochemical ana-
lytical tests have recently been revised to evalu-
ate on the sample the possible alteration in the 
distribution of desmosomal proteins [89]; unfor-
tunately, specific findings for AC have not been 
yet identified.

 Arrhythmogenic Left Ventricular 
Cardiomyopathy

Arrhythmogenic left ventricular cardiomyopathy 
(ALVC) is an AC form characterized by an early 
and predominant involvement of the left ventricle 
[12]. In contrast to the biventricular variant, where 
the degree of ventricular dysfunction is similar in 
the two ventricles, in this case right ventricular 
involvement, if present, has a minor significance. 
First evidence of ALVC came from autopsy 
reports and soon after from screening of families 
with mutations in the DSP gene [19, 90]. The first 
clinical description of the disease was made in 
2008 [12] and unfortunately no validated diagnos-
tic criteria for this AC form have been provided so 
far. In addition, 2010 TFC criteria have proved to 
be insensitive in the ALVC diagnosis [22]. 
Commonly, ECG shows T-wave inversion typi-
cally located in lower and/or lateral leads and 
presence of low QRS voltages in peripheral leads. 
It has been speculated that this may be secondary 
to fibro-fatty replacement of the left ventricle, but 

conclusive studies are not yet available. 
Arrhythmias are characterized by a RBBB mor-
phology and variable axis, frequently originating 
from the lateral wall of the LV. Notably, the degree 
of electrical instability seems not to correlate with 
the degree of LV, this being a distinguishing fea-
ture from DCM. CMR plays a pivotal role in diag-
nosis mostly through the possibility to highlight 
the presence of fibrous tissue by means of LGE 
detection. The peculiar pattern of LGE distribu-
tion is represented by LV subepicardial stria, most 
frequently located on inferolateral basal segments 
with variable extension and in some cases leading 
to a circumferential involvement of the entire ven-
tricle (Fig. 15.8). Unfortunately, this pattern is not 
exclusive of AC and enters into differential diag-
nosis with other diseases such as myocarditis. 
Recent studies demonstrated that in patients with 
acute myocarditis LGE can be found in 41% of 
cases on subepicardial layers of LV inferior and 
lateral walls [91] with nonsignificant changes 
only in 30% of cases at 6 months’ follow-up [92]. 
Conversely in ALVC, because of its progressive 
pathogenesis, LGE is unchanged or increased in 
almost all patients. For these reasons, the diagno-
sis cannot be based solely on instrumental exami-
nations, but must take account of family history, 
genetic findings, and, in sporadic cases, endo-
myocardial biopsy. Similarly, DCM forms with 
clinical and instrumental features similar to those 
of ALVC have been described (so-called dilated 
cardiomyopathies with an arrhythmogenic pheno-

a b c

Fig. 15.8 CMR images of a patient affected by left- 
dominant arrhythmogenic cardiomyopathy. (a) Apical 
four-chamber view of cine images showing a mild dilated 
left ventricle with a thinned lateral wall compared to the 

septum. (b, c) Four-chamber view and short-axis view of 
post-contrast sequences showing subepicardial LGE in 
the form of stria of the anterolateral and inferolateral walls

15 Right Ventricular Cardiomyopathies



282

type) [93]. However, studies comparing clinical 
and CMR characteristics of a group of DCM and 
AC patients demonstrated that the amount of LGE 
and its distribution are significantly different 
between the two groups. Interestingly, in AC gad-
olinium on the LV showed a peculiar pattern, as 
described above, while in DCM a common find-
ing was an intramural stria at septal level. In addi-
tion, the amount of LGE was significantly higher 
in AC group. The explanation for these findings 
can be obtained by analyzing the different patho-
physiology of the two cardiomyopathies. In 
DCM, fibrosis is a secondary phenomenon due to 
ventricular enlargement, while in AC it is a pri-
mary phenomenon resulting from the death of 
cardiomyocytes through necrosis and apoptosis 
[94]. Patients with ALVC may experience “hot 
phases” characterized by chest pain and enzy-
matic release. Unfortunately, differential diagno-
sis with acute myocarditis can be quite difficult. It 
is estimated that “hot phase” phenomenon has an 
incidence that ranges from 5% to 25% of patients 
in different series [22, 95]. In a recent paper our 
group analyzed clinical and instrumental findings 
of a series of 23 patients affected by AC, mainly 
with a ALVC or a biventricular phenotype, who 
experienced one or more episodes of myocardial 
injury [95]. From those data, myocarditis- like pic-
ture seems to be a rather uncommon clinical pre-
sentation of AC, often occurring in the pediatric 
age, and CMR is the first-choice examination for 
the differential diagnosis between AC and acute 
myocarditis. Moreover, in patients with this clini-
cal presentation EMB can have a pivotal role in 
differential diagnosis as well as family screening 
and genetic test. As stated above, signs of myocar-
dial injury that precede systolic dysfunction were 
found in a significant number of subjects carrying 
DSP truncating mutations [22]. To date, it is 
unclear why some AC patients develop episodes 
of myocardial injury and it has been speculated 
that this is in relation with the wall thickness con-
sidering that these episodes are more intense and 
symptomatic when involving the LV as in ALVC 
forms. Finally, their role in disease progression 
and arrhythmic risk remains to be elucidated. In 
contrast to classical variants, no conclusive data 
exist for ALVC as far as prognosis and arrhythmic 

risk stratification are concerned. While parame-
ters such as degree of RV dilatation and dysfunc-
tion, extension of T-wave inversion, and degree of 
electrical instability exist for right and biventricu-
lar variants [96], no validated predictors are pres-
ent for ALVC forms to date. Recently, a risk score 
has been developed to help the clinician in the 
decision to implant an ICD in primary prevention 
[97]. However, it seems to lack sensitivity for left-
dominant forms [98].

 Therapeutic Strategies in AC

 Physical Restriction

Sports activity enhances AC progression and 
worsens the disease arrhythmic substrate [44, 47, 
49, 50, 54]. Conversely, the risk of ventricular 
arrhythmias (VAs) and mortality can be lowered 
by reducing exercise [8, 49, 50, 99].

Different categories of AC patients show a 
dose-dependent association between exercise 
exposure and disease penetrance. Genotype- 
positive relatives undergoing competitive sports 
and high-intensity physical exercise are affected 
by an increased risk of VAs and heart failure as 
documented by clinical studies [46, 100]. With 
this regard, pre-symptomatic genetic testing has a 
role because it can detect those individuals in 
whom a lifestyle change can reduce the risk of 
developing AC.  Likewise, in patients with an 
overt phenotype, preparticipation screening and 
disqualification may prevent SCD [56].

Accordingly, both European and American 
guidelines recommend restriction from competi-
tive sports activity of AC patients and at-risk rela-
tives as a measure aimed to reduce the risk of 
SCD [57, 58].

 Drug Therapy

 Beta-Blockers
Ventricular arrhythmias and cardiac arrest in AC 
are usually promoted by adrenergic stimulation 
and occur typically during or early after a physical 
effort. Thus, beta-blockers are recommended in 
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AC patients symptomatic for frequent premature 
ventricular complex (PVCs) and non- sustained 
ventricular tachycardias (NSVT), patients with 
recurrent VT, appropriate ICD therapies, or inap-
propriate ICD interventions resulting from sinus 
tachycardia, supraventricular tachycardia, or 
atrial fibrillation/flutter with high ventricular rate.

In addition, since reducing the ventricular wall 
stress lowers the myocardial disease progression 
and is considered as a first-line medication in the 
management of heart failure, beta-blockers should 
be offered in all patients with a definite diagnosis 
of AC, irrespective of arrhythmias.

So far, in phenotype-negative gene carriers 
prophylactic use of these drugs is not justified 
[101, 102].

 Antiarrhythmic Drugs
When beta-blockers alone are not sufficient to 
control the arrhythmic burden, anti-arrhythmic 
drug therapy is indicated for symptomatic 
patients with frequent PVCs and/or NSVT.  In 
particular, sotalol and amiodarone (alone or asso-
ciated with beta-blockers) are the most effective 
drugs with a relatively low proarrhythmic risk 
[101, 102].

 Heart Failure Drugs
The standard pharmacological treatment for heart 
failure (angiotensin-converting enzyme inhibi-
tors, angiotensin II receptor blockers, beta- 
blockers, and diuretics) is recommended in 
patients who develop right, left, or biventricular 
heart failure [102].

 New Drugs
Therapeutic strategies targeting the Wtn/β and 
NFκB pathways appear to lower the disease in 
animal models and thus may be promising 
options in the future [103].

 Catheter Ablation

Catheter ablation should be considered as a thera-
peutic option for patients symptomatic for PVCs or 
VT or frequent appropriate ICD interventions on 
VT despite optimal medical therapy, in order to 

improve symptoms and prevent ICD shocks, 
respectively [101]. The initial experience with this 
technique reported high acute success rates fol-
lowed by high rates of recurrences due to the pro-
gressive nature of the disease leading to the 
development of multiple arrhythmogenic foci over 
time [104–106]. Moreover, regions of fibro- fatty 
replacement—that are regarded as arrhythmogenic 
substrate for VT—are mostly located in the subepi-
cardial RV layers, thus partially explaining the fail-
ure of the traditional endocardial approach. 
Epicardial catheter ablation appears to be a feasible 
and more effective approach for patients in whom 
one or more endocardial procedures have been 
unsuccessful [102, 107]. Importantly, neither anti-
arrhythmic drugs nor catheter ablation proved to 
reduce the risk of SCD. Thus, they should be con-
sidered as measures to reduce the frequency of 
arrhythmic episodes rather than to improve prog-
nosis. The only effective therapy for the prevention 
of SCD in such patients is ICD implantation [102].

 ICD Implantation

Regarding AC recommendation of ICD implan-
tation in AC patients, three risk categories 
(“high,” “moderate,” and “low”) have been 
defined. Those who have a history of cardiac 
arrest or hemodynamically unstable VT or who 
have severe ventricular dysfunction (either right 
or left or both ventricles) are considered “high- 
risk” subjects and receive a class I recommenda-
tion for ICD implantation.

Patients with major risk factors, such as syn-
cope, non-sustained ventricular tachycardias, or 
moderate dysfunction of the right or left or both 
ventricles, are classified as “intermediate-risk” 
subjects, and receive a class IIa recommendation 
for ICD implantation. Recently, a score system 
including ECG, CMR, and degree of electrical 
instability has been proposed [97]. Since the 
presence of scars in AC may not affect the LV 
performance, but can still trigger adverse arrhyth-
mic events, ICD implant for primary prevention 
should be considered in the presence of extensive 
LGE/fibrosis even if the LV systolic function is 
not severely depressed [102].
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 Heart Transplant

Heart transplant still represents the final thera-
peutic option for AC patients with advanced 
stages of the disease who suffer from refractory 
congestive heart failure and/or uncontrollable 
arrhythmic storms, despite previous attempts 
with catheter ablation and ICD therapy [102].

 Right Ventricular Myocardial 
Changes in Specific Diseases

Different systemic or cardiac diseases can 
directly affect the right ventricle. A right ventric-
ular involvement can be present in different car-
diomyopathies having both genetic and 
non-inherited origin as hypertrophic cardiomy-
opathy, Fabry cardiomyopathy, DCM, or peripar-
tum cardiomyopathy. Moreover, a RV 
involvement can be demonstrated in patients with 
systemic diseases as amyloidosis, sarcoidosis, or 
systemic sclerosis. Finally, RV physiologic 
changes can be detected in highly trained 
athletes.

 Cardiac Sarcoidosis

The differential diagnosis between cardiac sar-
coidosis and AC is often challenging because of 
both clinical and imaging features common to the 
two entities. In cardiac sarcoidosis life- 
threatening arrhythmias and heart failure can 
occur as a consequence of granulomatous infil-
trates and fibrosis. The septum and the LV free 
wall are the most common locations at the LV 
level, while the RV free wall is involved in up to 
40% of cases. Nevertheless, some peculiar fea-
tures distinguish sarcoidosis from AC, and thus 
can help the diagnostic assessment. First, differ-
ently from AC, AV conduction delays are fre-
quent because of the granulomatous infiltration 
of the interventricular septum. In addition to this, 
sarcoidosis is usually a systemic disease involv-
ing different organs such as lungs, skin, liver, and 
eyes. Conversely, cardiac isolated forms are less 
frequently found. Finally, advanced imaging 

techniques can offer some useful tips for the 
diagnosis. Extracardiac findings can be evi-
denced during the exam. At post-contrast 
sequences, LGE shows an intramural or patchy 
appearance, localizes mostly at the basal lateral 
wall, and is responsive to immunosuppressive 
therapy. When combined with positron-emission 
tomography (PET), the fluorodeoxyglucose 
uptake can reveal active inflammatory lesions 
[108–110].

 Dilated Cardiomyopathy

DCM is currently defined by the presence of left 
ventricular or biventricular systolic dysfunction 
and dilatation that are not explained by abnormal 
loading conditions or coronary artery disease 
[111]. In DCM patients RV function may be 
reduced due to the same process leading to LV 
cardiomyopathy or hemodynamic consequences 
of LV dilation, dysfunction, or increased filling 
pressure. At the same time, the reduced RV func-
tion may worsen LV preload. The prevalence of 
RV dysfunction in DCM ranges from 34% to 
65% [112]. In DCM patients RV function has a 
relevant prognostic value and CMR studies con-
firmed that RV function strongly predicts cardiac 
mortality in patients with HF. Thus assessment of 
RV size and function in DCM patients appears to 
be crucial for providing relevant prognostic and 
therapeutic information [112].

 Hypertrophic Cardiomyopathy

Even if in patients with hypertrophic cardiomy-
opathy (HCM) myocardial hypertrophy mainly 
involves the LV and RV hypertrophy and dys-
function can also be present. The degree of RV 
wall thickness has been found to correlate signifi-
cantly with LV wall thickness, even if RV hyper-
trophy is not associated with a particular pattern 
of LV hypertrophy [113]. Of note, HCM patients 
with severe RV hypertrophy have a poor clinical 
outcome and CMR studies demonstrated that RV 
hypertrophy is associated with RV LGE and that 
it is an independent predictor of cardiovascular 
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event occurrence [114, 115]. Even in the pres-
ence of RV hypertrophy, detection of RV outflow 
tract obstruction in HCM patients is quite uncom-
mon, not dynamic, and mainly due to RV hyper-
trophy. Regarding non-sarcomeric HCM, RV 
hypertrophy has been described also in Anderson- 
Fabry disease and has been proved to correlate 
with disease severity and LV hypertrophy [112].
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 The Heart Remodeling

The complex process of heart remodeling consists 
of progressive changes in cardiac dimensions, mass, 
shape, and cellular and extracellular composition 
occurring in response to cardiac injury (e.g. myo-
cardial loss) or mechanical stress (e.g. pressure/vol-
ume overload) [1]. These structural changes are 
initially compensatory aiming at maintaining a nor-
mal stroke volume but with the progression of the 
disease become deleterious, leading to ventricular 
dysfunction and poor prognosis. Indeed, to some 
extent different therapeutic approaches can induce 
reverse remodeling (RR), restoring chamber geom-
etry, reducing ventricular volumes and improving 
function. Therefore, the main goal of treatment is to 
prevent or reverse the maladaptive remodeling pro-
cess improving patients’ outcomes [2, 3].

 Right Ventricle Response to Chronic 
Pressure Overload

Pulmonary arterial hypertension (PAH) is an 
obstructive vasculopathy with patient’s func-
tional status and prognosis depending mostly on 
the ability of the right ventricle (RV) to adapt to 

the increased afterload. In the earlier stages, 
increased contractility occurs in order to improve 
RV-to-pulmonary artery coupling (homeometric 
adaptation) and to preserve cardiac output. In the 
later stages, chronic exposure to increased after-
load leads to the failure of the homeometric 
adaptation with RV dilation [4–6]. Through het-
erometric adaptation, stroke volume is main-
tained by progressive increase in RV end-diastolic 
volume. Functional tricuspid regurgitation usu-
ally occurs because of annular valve dilatation 
resulting in additional RV volume overload. Both 
pressure and volume overloads determine the 
progressive reduction of cardiac output, compli-
cated by the leftward ventricular septum shift due 
to ventricular interdependence, determining fur-
ther underfilling of the left ventricle (LV) finally 
leading to the clinical syndrome of heart failure.

Therefore, RV dimensions, RV-pulmonary 
artery coupling, stroke volume, systolic function, 
filling pressures and potentially RV fibrosis draw 
the line between adapted and maladapted RV.

In PAH the RV may adapt to increased after-
load through two different patterns (concentric vs 
eccentric hypertrophy), easily assessed through 
the RV mass-to-volume (M/V) ratio by cardio-
vascular magnetic resonance (CMR). Higher 
M/V ratio, indicative of a concentric remodeling 
pattern, is associated with a better systolic func-
tion and a more suitable RV-pulmonary artery 
coupling, compared with a low RV M/V ratio, 
and emerged as an  independent predictor of clini-
cal worsening in PAH [7, 8].
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The heterogeneity of RV response to afterload 
is reflected in the different clinical presentation: 
some PAH patients remain well compensated 
while others rapidly decompensate, developing 
RV failure. The mechanisms influencing the type 
of RV adaptation are largely unknown but genetic 
factors and the timing of increased afterload 
onset (e.g. congenital heart diseases versus 
acquired PAH) seem to play an active role.

 The Concept of Reverse Remodeling

Increasing evidence shed light on the possibility 
to induce RR of the pathologic ventricle remov-
ing the pathophysiologic trigger with medical or 
surgical treatments, restoring chamber dimen-
sions, shape and contractility, and potentially 
improving morbidity and mortality.

In this field, the greatest knowledge comes 
from diseases affecting the left side of the heart, 
especially ischemic chronic heart failure.

In patients with chronic heart failure, changes 
in left-heart size and ejection fraction (EF) can be 
observed with pharmacological and non- 
pharmacological therapies [9, 10]. Beta-blockers 
have demonstrated to induce a more pronounced 
reversal of LV dilation associated with increased 
EF than other drugs, as ACE inhibitors [1]. 
Indeed, studies testing the anti-remodeling effects 
of metoprolol [11], carvedilol [12] and bisoprolol 
[13] showed a significant increase in LVEF (on 
average + 8–10%) and a trend toward reduction 
in end-diastolic and end-systolic volumes (range 
20–30%) after 6–12 months of therapy.

In patients with left bundle branch block and 
ventricular dyssynchrony, LVRR can be achieved 
by cardiac resynchronization therapy (CRT). 
Resynchronization of right and left ventricular 
contraction by CRT usually increases LVEF by 
20% and reduces LV volumes by 15%, conse-
quently improving WHO functional class, exer-
cise capacity and quality of life [14]. Most of the 
clinical trials define CRT-induced LVRR as a 
15% reduction in LV end-systolic volume after a 
6-month treatment period [15–17]. Indeed, LV 
end-systolic volume is the most used echocardio-
graphic measurement in this setting, reflecting 

both chamber morphology and LV systolic func-
tion and showing superior predictive value for 
survival after myocardial infarction compared 
with LVEF and LV end-diastolic volume.

Left ventricular assist devices (LVADs) may 
also induce LVRR, greatly unloading the LV, 
shifting leftward the LV end-diastolic pressure- 
volume relationship and restoring blood pressure 
and flow to near-normal levels [18, 19]. As 
reported in a large cohort study, immediately 
after LVAD implantation, LV dimensions 
decrease by 20–30% and LVEF improves reach-
ing a value above 40% in nearly a third of patients 
[20, 21]. However, original LV function may 
deteriorate over time with LVAD support poten-
tially inducing disuse atrophy [22].

Despite the arbitrary and heterogeneous cut-
off values used across studies to define LVRR, 
the proposed definitions all include the improve-
ment of LV dimensional and/or functional param-
eters. Greater evidence has been collected for 
patients with idiopathic dilated cardiomyopathy, 
where some studies defined LVRR using 
increased LVEF of at least 10 percentage points 
from baseline or above a threshold value set at 
50%, while others considered the increase in LV 
fractional shortening >25% [23–25]. Moreover, 
some studies included in the definition of RR the 
improvement of both LV systolic function and 
LV size, the latter as the decrease in the indexed 
LV end- diastolic diameter of at least 10% from 
baseline [26] or the achievement of an absolute 
value below 33 mm/m2 [27].

The crucial role of LVRR and its impact on 
survival [28] highlight the clinical need of a com-
mon standardized definition, currently missing.

 Reverse Right Ventricular 
Remodeling in Patients 
with Pulmonary Hypertension: 
The Effect of Ventricular Unloading

Recent studies on patients undergoing lung trans-
plantation, pulmonary endarterectomy (PEA) 
and balloon pulmonary angioplasty have clearly 
shown the ability of the RV to regain physiologic 
morphology and function when significantly 
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unloaded. Studies including patients with end- 
stage PAH refractory to medical treatment under-
going isolated lung transplantation showed a 
postoperative complete reverse cardiac remodel-
ing, with RV function and size normalization 
(range of reduction in RV basal and mid-diameter 
35–40% at 3 months), improvement of tricuspid 
regurgitation and restoring of interventricular 
septum in its physiologic position [29, 30].

RVRR has been observed also in patients with 
chronic thromboembolic pulmonary hyperten-
sion after a hemodynamically successful 
PEA. Indeed, as reported in different studies with 
CMR imaging-derived RV metrics, PEA can 
induce RVRR, significantly decreasing RV vol-
umes within 3  months (on average −30%) and 
improving RV ejection fraction between 9% and 
19% [31–33]. While PEA is the therapy of choice 
for eligible chronic thromboembolic pulmonary 
hypertension, inoperable patients or those with 
residual PH after PEA have a clear indication to 
balloon pulmonary angioplasty. As well as with 
PEA, recent studies have demonstrated RVRR 
after multiple sessions of balloon pulmonary 
angioplasty, able to induce significant improve-
ment in pulmonary vascular resistance and car-
diac output, leading to consequent reduction in 
RV volumes (range −35% to −40%) and mass 
and improvement in RVEF (mean +20%), with-
out significantly affecting LV volumes and func-
tion [34, 35].

 The Evaluation of Right Ventricular 
Reverse Remodeling

Although heterogeneous, the various definitions 
of LVRR resulting from different studies con-
ducted in this field all included variations in LV 
size and function as a hallmark. Conversely, few 
studies focused on the RR of the RV, with a con-
sequent lack of a potential definition. As a criti-
cal issue further studies are required to 
understand if including in the definition merely 
changes in right-heart morphological and func-
tional parameters would be appropriate or the 
association with patient’s outcome would be 
desirable.

Concerning the correct way to face with right- 
heart RR assessment, the use of a multiparamet-
ric approach (i.e. echocardiography and CMR) 
would allow to overcome reproducibility limita-
tions and provide a more integrated assessment 
of the interplay between cardiac physiology and 
pathophysiology.

The complex shape and geometry of the RV 
make the evaluation of its volumes, mass and 
function difficult using echocardiographic two- 
dimensional imaging modalities. Thanks to the 
unique myocardial magnetic properties allowing 
an accurate planimetry interface easily reproduc-
ible, CMR is considered the reference technique 
for RV volumetric measurement and derived- 
ejection phase metrics [36]. Indeed, reproducibil-
ity of CMR-derived RV volumetric parameters is 
recognized to be superior to echocardiography 
[37].

Despite these advantages, CMR requires ade-
quate standardization in postprocessing (i.e. 
manual contouring with the inclusion or exclu-
sion of the RV trabeculations) and suffers from 
some limitations hampering its widespread use in 
clinical practice (availability, limited access, long 
testing time, feasibility for high-risk patients and 
high costs) [38]. Conversely, echocardiography is 
widely available, low cost, and safe, remaining 
crucial as the first-line modality for RV structure 
and function assessment [39].

A complete echocardiographic assessment of 
the RV should include two-dimensional and 
three-dimensional (3D) imaging, tissue Doppler 
imaging and speckle tracking techniques for 
myocardial strain metrics. Echocardiographic 
measurements of tricuspid annular peak systolic 
excursion, RV fractional area change, 3D RVEF, 
free-wall RV longitudinal strain and tricuspid 
peak myocardial contraction velocity (S′) have 
all shown good correlation with CMR-derived 
RVEF [40–42]. According to the higher temporal 
resolution compared with CMR, echo-derived 
RV strain evaluation should be considered more 
appropriate for patients’ assessment [43].

Considering advantages and disadvantages of 
each imaging modality, right-heart RR  assessment 
should potentially combine both echocardiogra-
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phy and CMR to allow the highest temporal and 
spatial resolution in the same patient.

Among right-heart dimensional parameters 
tightly related to pressure overload, relative RV 
areas and volumes, eccentricity indices of the LV, 
and right atrial areas and volumes may all be con-
sidered as valuable afterload-dependent variables 
for reverse remodeling assessment. Additionally, 
RV fractional area change and EF, tissue Doppler 
imaging-S′, longitudinal strain and tricuspid 
annular peak systolic excursion have all demon-
strated to be valid parameters for assessing RV 
systolic function and might be considered for RR 
evaluation.

 The Impact of PAH-Specific 
Therapies on RV Reverse 
Remodeling

Although RV function is the major determinant 
of symptoms and outcome in PAH patients [4], 
therapies targeting directly the RV are still not 
available. Approved therapies largely rely on RV 
afterload reduction targeting the pulmonary cir-
culation to allow reverse structural remodeling of 
the right heart (Fig. 16.1).

The effects of targeted therapies on echocar-
diographic indices of RV structure and function 
of PAH patients have been scarcely reported pre-
viously as substudies of randomized controlled 
trials. Hinderliter et  al. [44] reported improved 
LV-EIs and RV end-diastolic volume in patients 
treated with intravenous epoprostenol in the ran-
domized controlled trial which established the 
efficacy of this treatment [45]. Galiè et  al. [46] 
showed an improvement in LV-EI and in the ratio 
of RV to LV surface areas in the group of patients 
treated with bosentan in the randomized con-
trolled trial that established the efficacy of this 
drug [47]. Observational studies have further 
reported on improved CMR imaging-determined 
RV ejection fraction in PAH patients with various 
targeted therapies [48, 49].

However, treatments shown to be effective in 
randomized controlled trials are associated with 
only limited changes in PVR with consequent 
trivial improvement in RV size and function.

It has to be emphasized that most studies 
focusing on right-heart imaging metrics under 
targeted therapies were compliant to guidelines 
published in 2009 [50], providing monotherapy 
indication in clinical practice and being less 
insistent with more aggressive earlier combina-
tions of drugs as currently recommended [51].

Notably, a small-size but long-term observa-
tional study showed that progressively increased 
RV dimension in spite of optimized targeted 
therapy regimen was associated with an 
increased mortality in PAH [52]. The relative 
dissociation between the evolution of functional 
class, six-minute walk distance and RV dimen-
sions, and changes on patients’ risk assessment 
is further illustrated in Fig.  16.2. In fact, as 
shown in panel a, the probability of clinical 
worsening will remain high unless a significant 
reduction in RV size is achieved. Additionally, 
panel b emphasizes how low- and intermediate-
risk status is not necessarily associated with RV 
improvement in size.

In accordance with the pathophysiological 
model of afterload mismatch, important decrease 
of PVR brings in turn a profound reduction of RV 
size and a recovery of systolic function. In fact, 
the likelihood of decreased RV dimensions and 
associated improvement in afterload-dependent 
systolic function parameters is strongly corre-
lated to the decrease in PVR after institution of 
targeted therapies [53].

Nevertheless, the optimal therapeutic strat-
egy to reverse RV remodeling in severe PAH 
remains to be defined. Available data strongly 
suggest that drugs targeting the pulmonary cir-
culation are to be combined to decrease PVR by 
at least 50%, and that the best results are 
obtained with incorporation of parenteral pros-
tacyclins [54]. Impressive improvement in 
hemodynamics, in the range of 70–90% reduc-
tion of PVR, is potentially achieved with initial 
triple combination employing either intravenous 
epoprostenol or subcutaneous treprostinil [55], 
associated with dramatic reversal of right-heart 
remodeling [56].

Mild decrease in PVR, as occurs with less 
aggressive treatment strategies, is associated with 
the lack of or insufficient RV reverse remodeling 
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PAH Therapy
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Fig. 16.1 The right ventricle remodeling and its reverse with PAH therapeutic strategies
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Fig. 16.2 Panel (a): Correlations between the changes in 
RVEDA, RA area, LV-EIs, and PVR at 1-year assessment. 
Patients with and without clinical worsening are reported 
in the same scatterplot (green circles and blue circles, 
respectively). (Figure from Badagliacca R et  al. J Heart 
Lung Transplant. 2017 Oct 2:S1053-2498(17)32041-7. 
doi: https://doi.org/10.1016/j.healun.2017.09.026). Panel 

(b): Relationship between RVEDA and changes in mean 
pulmonary arterial pressure after targeted therapy accord-
ing to the patient’s risk profile at follow-up (figure from 
Badagliacca R et al. Int J Cardiol 2020; 301: 183–189). 
Legend: RVEDA right ventricular end-diastolic area, RA 
area right atrial area, LV-EIs left ventricular systolic 
eccentricity index, PVR pulmonary vascular resistance
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[48, 57–61]. As shown in Fig. 16.3, the relation-
ship between likelihood of reversal of RV dimen-
sions and fall in PVR is sigmoid and very steep in 
the range of efficiency, so that small additional 
decrease in PVR above 50% results in marked 
reversal of RV dimensions to normal [62].

Recently, reversal of right-heart dimensions 
after 1  year of treatment, assessed as significant 
improvements in morphological parameters such 
as RV end-diastolic area, LV eccentricity index, 
and right atrial area, has been definitely associated 
with an improved outcome in patients with PAH 
[62, 63]. Interestingly, the extent of RV end- 
diastolic area decrease at 1-year follow-up that 
emerged as prognostically significant is approxi-
mately more than 10% from baseline evaluation, a 
value that is similar to the decrease in size observed 
in the failing LV when clinically significant reverse 
remodeling has been achieved after medical treat-
ments [64]. This suggests that the definition of 
right-heart reverse remodeling recently adopted in 
PAH [63], for such a degree of reduction in RV 
size, might be consistent with the definition of 
reverse remodeling already applied in a number of 
studies for left-heart failure.

This observation makes the case for imaging- 
monitored intensification of therapy whenever 
possible and tolerated by the patients. For this 
purpose, the advantage of combining targeted 

therapies has a strong rationale. Available data 
indicate that parenteral prostacyclins have to be 
part of this therapeutic optimization.

Nowadays, bedside echocardiography is 
widely available and effective in assessing RV 
function adaptation to afterload in PAH. The use 
of CMR is also expanding among referral cen-
ters. Both imaging modalities allow for the quan-
tification of RV remodeling and its reversal by 
efficient therapeutic interventions. More studies 
are needed to strengthen the evidence that imag-
ing is an essential component of risk assessment, 
but the clinical and pathophysiological rationale 
to favor it is strong.
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Legend: See Fig. 16.2
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Acute Right-Heart Failure 
in Patients with Chronic 
Precapillary Pulmonary 
Hypertension

Laurent Savale, Athénaïs Boucly, Jérémie Pichon, 
Anne Roche, and Marc Humbert

 Introduction

Precapillary pulmonary hypertension (PH) 
defines a group of disorders characterized by a 
progressive increase in pulmonary vascular resis-
tance (PVR) that develops as a result of abnormal 
remodeling of the pulmonary microvasculature 
[1, 2]. Improved understanding of the pathophys-
iology of precapillary pulmonary hypertension 
has led to the development of several medications 
that primarily target endothelial dysfunction [3]. 
Despite these major advances, pulmonary hyper-
tension remains a progressive and fatal disease 
leading to right ventricular dysfunction and death 
[4, 5]. The function of the right ventricle is of 
great clinical importance in end-stage pulmonary 
hypertension since it determines the prognosis of 
patients [4]. The ability of the right ventricle to 
adapt to the progressive increase in afterload is 
closely linked to the outcome of the disease. 
Impaired cardiac output (CO) and elevation in 
central venous pressure are associated with func-
tional deterioration, onset of congestive signs, 

and ultimately mortality in patients with advanced 
pulmonary hypertension [6, 7].

The prognostic importance of right ventricular 
function has been a renewed interest in recent 
years in the analysis of the pathophysiology of 
right ventricular remodeling and dysfunction [4]. 
End-stage pulmonary hypertension is associated 
with a high risk of acute right-heart failure (RHF), 
which has been defined as a rapidly progressive 
syndrome with systemic congestion resulting 
from impaired right ventricular filling and/or 
reduced right ventricular flow output [8]. The 
occurrence of acute RHF remains the most fre-
quent cause of death with a dismal prognosis 
over the short term, highlighting the need for ear-
lier recognition and better management options. 
This chapter aims to provide a comprehensive 
review of the state of the art in acute decompen-
sated pulmonary hypertension.

 Pathophysiology of Right-Heart 
Failure

Various definitions have been proposed to define 
right ventricular failure (RVF) that is a complex 
clinical syndrome characterized by decreased 
right ventricular function that leads to insufficient 
blood flow and/or elevated filling pressures at rest 
or during physiologically demanding conditions 
[4, 9, 10]. RVF can occur as a consequence of 
alterations in preload, intrinsic changes in RV 
function, or increases in afterload. In case of acute 
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or progressive increases in afterload, the right 
ventricle’s ability to adapt to this physiological 
condition is a major determinant of functional 
prognosis and outcomes. The right ventricle (RV) 
differs from the left ventricle (LV) by its thin wall 
and complex three-dimensional conformation 
adapted to the low pressure, low resistance, and 
high compliance of the pulmonary circulation. 
Acute obstruction of less than 50% of the pulmo-
nary circulation is generally well tolerated by a 
healthy RV, with the recruitment and vasodilation 
properties of the pulmonary vascular bed mitigat-
ing an increase in pulmonary vascular resistance 
(PVR). Beyond this level of obstruction, the RV 
responds to the acute rise in PVR by increasing its 
end-diastolic volume in order to restore the con-
tractile properties of the RV myocardium via the 
Frank–Starling mechanism. However, this imme-
diate adaptation is rapidly limited by the deleteri-
ous effect of the increased RV wall tension on 
right coronary flow and by the LV/RV interdepen-
dency and desynchronization caused by RV dila-
tation. Ultimately, reduction in the CO due to the 
RV dysfunction and impaired LV filling leads to 
hemodynamic instability [11].

The pathophysiological mechanisms of RVF 
in patients with chronic pulmonary hypertension 
are different due to chronic conformational adap-
tation of the RV to progressive increased after-
load. The capacity of the RV to adapt to the 
progressive increases in afterload varies consid-
erably from one individual to another leading to a 
continuum between an adapted RV and a mal-
adapted ventricle. These adaptation capacities 
can be influenced by many factors like gender 
[12], genetic mutation [13–15], and the etiology 
of PAH [16]. The first conformational adaptation 
of the RV is a concentric myocardial hypertrophy 
combined with a slight dilatation which aims to 
normalize the imposed wall stress. Secondly, the 
RV expands in response to increased pressures. 
Eccentric hypertrophy combined with excessive 
dilation of the right cavities most often reflects a 
less favorable adaptive phenomenon leading to 
reduced SV and increased filling pressures. At 
this stage, we observe a severe alteration of the 
systolic and diastolic function of the RV com-
bined with an alteration of the diastolic function 

of the left ventricle (LV) by mechanisms of RV/
LV interdependence (Fig. 17.1). This phenotype 
corresponds to the final phase of PH which is 
characterized by the onset of NYHA functional 
class III or IV symptoms of dyspnea, the appear-
ance of congestive signs, a risk of syncope, and 
hemodynamically a chronic rise in right atrial 
pressure and decreased CO [17]. All these param-
eters are closely correlated with a poor prognosis 
and result from a severe alteration of the ventricu-
loarterial coupling characterized by an inefficient 
transfer of myocardial energy from the RV to the 
downstream pulmonary arterial circulation [4, 9].

The modifications of the RV are the results of 
complex molecular and metabolomic mecha-
nisms as well as cellular changes that have been 
more recently studied in experimental models 
and human tissue. The RV remodeling seems to 
be the result of an increase in both protein syn-
thesis (collagen fibers in the extracellular matrix) 
and myocardial cell population [18–20]. 
Moreover, the cellular damage leading to a 
decrease in RV performance is promoted by 
multiple molecular mechanisms including 
changes in the neurohormonal system [21], 
inflammation oxidative stress and apoptosis 
[22], and metabolomic disorders characterized 
by reduced fatty acid oxidation in addition to 
increased glycolysis [23, 24].

 Acute Right-Heart Failure 
Decompensation

Patients with end-stage precapillary PH are at 
high risk for developing acute right-heart decom-
pensation. This clinical situation corresponds to 
an disturbance of the adaptive phenomena of the 
RV leading to an acute worsening of the symp-
toms, generally associated with circulatory fail-
ure and in the most severe cases with 
multiple-organ failure [8, 17]. Acute RHF can be 
precipitated by an external trigger or worsening 
factor or it can be the consequence of disease 
worsening. Most often, right-sided heart failure 
requiring treatment in the intensive care unit 
presents as combined systolic and diastolic heart 
failure. Diastolic failure promotes worsening 
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congestive signs. Right ventricular systolic fail-
ure results in a sharp decrease in LV preload and 
a decrease in cardiac output followed by low 
peripheral perfusion pressure. The fall in cardiac 
output and the resulting acute circulatory failure 
may favor ischemia of the right ventricle by com-
promising the systolic component of coronary 
perfusion (Fig. 17.1).

Severe right-sided heart failure can promote 
the sudden development of multiple-organ fail-
ure. In the ICU setting, the consequences for the 
liver, kidneys, and gut are often most relevant. 
The pathophysiological mechanisms of acute 
renal dysfunction are probably similar to those 
observed in type I cardiorenal syndrome [25]. 
Acute worsening of renal function in the context 
of decompensated pulmonary hypertension has 
been strongly related to outcomes [26–29]. As in 
left-heart failure, the renin-angiotensin- 
aldosterone and the sympathetic nervous systems 
are stimulated, leading to a worsening of periph-
eral vascular resistance and sodium and water 
retention. Moreover, significant stimulation of 
antidiuretic hormone promotes excessive reten-
tion of free water, leading to volume overload 
and hyponatremia. These phenomena contribute 
to a decrease in renal perfusion due to both arte-
rial vasoconstriction and venous congestion [25]. 
Malperfusion and congestion alter bowel wall 
permeability and may cause translocation of bac-
teria and endotoxins from the bowel into the cir-

culation resulting in a systemic inflammatory 
response or sepsis.

 Epidemiology of Acute 
Decompensated Pulmonary 
Hypertension and Prognosis

Short-term outcome of acute decompensated 
RHF is very poor and remains the first cause of 
mortality in PAH. Few data are available on the 
epidemiology and management of acute PH 
decompensation. A US study analyzed the cir-
cumstances of death in a cohort of 84 PAH 
patients who died over a 4-year period. PH was 
determined to be the direct cause of death (right- 
heart failure or sudden death) in 37 (44%) 
patients; PH contributed to but did not directly 
cause death in 37 (44%) patients, and the death 
was not related to PH in the remaining cases 
(n  =  7; 8.3%). It was underlined that death 
occurred in ICU in 80% of patients. Furthermore, 
half of the cohort received catecholamines during 
the hospital stay [30]. Similar results were 
reported in a Belgium database that analyzed the 
cause of death in 99 PAH patients [31].

The annual incidence of acute decompensa-
tion in a population of PAH patients has never 
been clearly studied. Huynh et al. also reported 
the outcome of 99 PH patients admitted in ICU 
for acute RHF over a 5-year period [32]. More 
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than 900 patients with pulmonary hypertension 
(PH) were seen in the outpatient setting during 
the study period. In their retrospective analysis 
of PH admitted for RHF, Kurzina et al. described 
the evolution of 37 patients experiencing 60 epi-
sodes of RHF, while 172 patients were followed 
during the 3 years of study period [33]. According 
to these studies, incidence of RHF among PH 
patients ranges between 2.2% and 7.2%. 
Incidence of acute RHF in PH patients can also 
be estimated in trials on PAH drugs. In the 
GRIPHON study, 86 (15%) and 123 (21.1%) 
patients, respectively, in the selexipag and pla-
cebo group were admitted for acute RHF over a 
3-year period [34]. In the AMBITION trial test-
ing a combination of ambrisentan and tadalafil, 
Galie et al. described 10 (4%) and 30 (12%) of 
patients with acute RHF, respectively, in the 
combination and pooled monotherapy group 
over a 1.4-year study period [35]. Last, the 
SERAPHIN investigators testing the macitentan 
also found between 8.8% and 17.7% of patients 
according to groups affected by acute decom-
pensated PH, syncope, or hemodynamic impair-
ment, over 3  years [36]. Therefore, though 
limited by the absence of dedicated studies and 
limits pertaining to the design of investigational 
trials, it can be estimated from the aforemen-
tioned data that the annual incidence of acute 
RHF in PH patients probably ranges between 
2% and 9%.

Prognosis of acute decompensated RHF in 
pulmonary hypertension has been mainly 
described by the retrospective cohort of patients 
with a limited number of patients and relative 
heterogeneity of the population studied, in 
terms of severity at admission. However, all 
these clinical studies have demonstrated the 
very strong impact of acute pulmonary hyper-
tension decompensation on short-term progno-
sis. Depending on the type of population 
studied, in-hospital mortality varies from 14% 
to 100% [26–28, 32, 33, 37]. The prognostic 
factors identified in these studies are cardiac 
biomarkers, low systemic arterial pressures, 
inflammation, and reflective of multiple-organ 
failure induced by cardiac and circulatory 
insufficiency.

 Treatment of RHF in ICU

Intensive care of acute decompensated PH is 
based on the treatment of triggering factors, care-
ful fluid management, and strategies to improve 
cardiac function and reduce right ventricular 
afterload [8]. Patients with PH with severe right- 
sided heart failure decompensation requiring 
ICU admission should be treated at expert centers 
able to offer all modern treatment options if pos-
sible (Fig. 17.2).

 Identification and Management 
of Triggering Factors

Chronic diseases are characterized by a delicate 
balance between persistent functional impair-
ment and adaptation factors. In most chronic dis-
eases, identification of a triggering factor for the 
exacerbation is one of the key points of the thera-
peutic strategy. Treatable precipitants of right- 
sided heart failure are diverse but must be 
systematically identified and managed.

Among them, supraventricular arrhythmias 
(tachyarrhythmia, atrial fibrillation, or atrial flut-
ter) are frequently observed during PAH [38]. 
The loss of atrial function in patients with PAH 
may contribute to the impairment of RV function 
and precipitate acute right ventricular decom-
pensation. In this context, some specificities on 
the management of arrhythmias should be 
known. Regarding the use of antiarrhythmic 
treatments, beta-blockers and calcium channel 
blockers should be avoided in these patients 
because of their deleterious negative inotropic 
effect in a period of right cardiac decompensa-
tion or more generally in all patients with pre-
capillary PH. The use of digoxin is preferred to 
reduce the heart rate. Rapid restoration of sinus 
rhythm should be attempted by amiodarone and/
or cardioversion if the clinical condition of the 
patient so permits. In the event of atrial flutter or 
persistent atrial tachycardia, radiofrequency 
ablation is preferred.

Infection is another important contributor to 
death in patients with right-sided heart failure. 
The source of infection is not always identified 
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and may correspond in some patients to a bac-
terial translocation precipitated by the low car-
diac output and increased venous pressure. In 
patients treated with intravenous epoprostenol, 
a tunneling catheter infection must be excluded. 
The management of an infectious factor trig-
gering or worsening a picture of right ventricu-
lar failure must not suffer from any delay in 
management. If the source of infection is not 
obvious, broad-spectrum antibiotics should be 
considered [8].

Exceptionally, right ventricular failure is 
accompanied by a picture of acute respiratory 
distress. Some patients may present with pro-
found hypoxemia due to an opening of the fora-
men ovale, or in certain particular forms of PAH 
such as Eisenmenger syndrome or veno- occlusive 
disease. Most often, severe hypoxemia is rela-

tively well tolerated by the patient, with ventila-
tory mechanics being preserved. This hypoxemia 
should be corrected as best as possible by sponta-
neous ventilation to maintain a peripheral oxygen 
saturation >90%. In specific cases, high-flow 
oxygenation should be considered although no 
specific study has evaluated the tolerance and 
efficacy of this support in the specific setting of 
acute decompensated PH.  In the event of acute 
respiratory distress related to a cause other than 
PAH such as infectious pneumonia, the use of 
invasive ventilation should be avoided as much as 
possible as it may lead to worsening of the RVF 
and then to postintubation collapse.

Surgical procedures are a well-known trigger 
of acute right-heart failure in patients with 
chronic pulmonary hypertension (PH) [39]. 
Various physiological disturbances induced by 

Identification and treatment of triggering factors
Arrythmia, infection, surgical intervention, acute thromboembolic event,

noncompliace with treatments…

Fluid stauts optimization
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± levosimendan, milrinone

Blood pressure optimization
Norepinephrine
± Vasopressine

Refractory right heart failure despite optimal medical therapies
Low blood pressure requiring norepinephrine doses escalalation,

increase in lactate levels, decline in urine output, worsening or renal function

RV postload optimization
Specific PAH therapies after hemodynamic restoration

Treatment of PH étiology if necessary

Extracorporeal life support as bridge to transplantation if
necessary (or as bridge to recovery in very selected cases)

Awake ECMO

Urgent lung or heart-lung transplantation

Fig. 17.2 Management 
of acute RHF in  
chronic pulmonary 
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surgery itself and/or anesthesia can lead to a post-
operative imbalance between the afterload 
imposed on the right ventricle (RV) and its capac-
ity for compensation. Rapid fluid volume varia-
tions, increase in RV afterload imposed by 
mechanical ventilation or thoracic surgery, and 
decrease in systemic vascular resistance induced 
by anesthetic drug effects are all potential factors 
involved in postoperative ventriculoarterial 
uncoupling, RV distension, and circulatory 
insufficiency.

Other triggering or worsening factors must be 
checked like thromboembolic events, deviation 
from the salt-free diet, or noncompliance with 
specific PH therapies for example.

 Fluid Status Optimization

Because both hypo- and hypervolemia are delete-
rious for RV function in PH, monitoring and opti-
mization of volume status are major issues and 
can be sufficient to regain a state of equilibrium 
in less severe patients. In the physiological condi-
tion, the high compliance of the RV ensures the 
maintenance of a low right atrial pressure, which 
maintains systemic venous return and thus pre-
serves the cardiac output. In PH, cardiac perfor-
mance is closely linked to the RV preload. RV 
diastolic dysfunction promotes sodium and water 
retention, which may be exacerbated in the set-
ting of acute decompensated RHF.  Intravenous 
diuretics are used as a first-line treatment in order 
to reduce RV dilation and to improve right–left 
ventricular interdependence and thus improve 
left ventricular diastolic function, reduce tricus-
pid insufficiency, and reduce organ congestion.

Hemofiltration has also been suggested in 
case of fluid overload insufficiently treated with 
diuretics. However, the short- and long-term ben-
efit of renal replacement therapy (RRT) in PH 
patients has never been properly evaluated. In a 
retrospective study, our group analyzed the ben-
efit/risk ratio of RRT in PH patients with acute 
RHF. This work analyzed 36 continuous and 32 
intermittent RRT sessions in 14 patients over an 
11-year period. Significant systemic hypotension 
requiring a therapeutic intervention occurred in 

roughly half of the sessions for both modalities. 
The ICU-related, 1-, and 3-month mortality of 
these patients was 46.7%, 66.7%, and 73.3%, 
respectively [28]. Regarding the poor outcomes, 
consideration should be given to extracorporeal 
life support (ECLS) and urgent lung or heart-lung 
transplantation in eligible patients with severe 
cardiorenal syndrome (see below).

 Cardiac Output and Blood Pressure 
Optimization

Low CO induced by RV failure, LV preload distur-
bance, and ventricular interdependence contrib-
utes to hemodynamic instability. Use of inotropic 
agents to improve contractility and CO may be 
required (Table  17.1). β1-Adrenergic agonist 
remains the inotropic agent of choice. Dobutamine 
improved ventriculoarterial coupling in experi-
mental models of acute occlusion of the pulmo-
nary artery [40]. Low doses (2.5 μg/kg/min) must 
be initiated with a progressive up- titration in case 
of persistent signs of low CO. However, the dose 
of dobutamine must not exceed 5–7.5 μg/kg/min 
because of deleterious effects at higher doses: the 
precipitation of a decrease in systemic vascular 
resistance without improving CO.  Inodilating 
agents, including levosimendan and milrinone, 
could alternatively be considered, however, the 
clinical effects of these drugs have been mainly 
studied in postcapillary PH after cardiac surgery. 
Levosimendan is a calcium- sensitizing agent with 
inotropic, pulmonary vasodilatory, and cardiopro-
tective properties [41]. Experimental data sug-
gested a better effect than dobutamine for 
improving ventriculoarterial coupling [42]. Data 
in pulmonary arterial hypertension are mainly lim-
ited to clinical cases. Initial infusion of 0.1 μg/kg/
min without a bolus, for 24  h, could be recom-
mended. This dose can be reduced to 0.05 μg/kg/
min or increased to 0.2 μg/kg/min, according to 
the hemodynamic tolerance [41]. Milrinone, a 
selective PDE-3 inhibitor, has been shown to 
improve cardiac function in many preclinical stud-
ies without deleterious effects on PVR. Similar to 
levosimendan, milrinone is  preferentially used in 
group 2 PH after cardiac surgery at a dose of 
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50 μg/kg over 10 min and then 0.375–0.75 μg/kg/
min infusion. Inodilating agents, such as dobuta-
mine, can cause arrhythmias and precipitate sys-
temic vasodilatation requiring concomitant use of 
vasopressors. An alternative administration option 
for levosimendan and milrinone is by nebuliza-
tion, which has also been studied to reduce the 
effect on systemic hypotension and V/Q mis-
matching [43, 44]. Finally, dopamine could be a 
potential alternative of dobutamine, due to its 
additional natriuretic properties. However, its use 
is limited by higher risk of arrhythmic events [45]. 
Epinephrine is not a drug of choice in the postop-
erative period due to its high risk of tachycardia 
and lactic disorders.

Patients with a low systemic vascular resis-
tance need additional vasopressor treatment to 
restore blood pressure and another organ perfu-
sion (Table 17.1). Prompt maintenance of aortic 
pressure is a critical point to protect right coro-
nary perfusion and thereby prevent RV ischemia. 
Norepinephrine (NE) is generally used as a first- 
line vasopressor agent. In addition to its effect on 
systemic blood pressure, NE could contribute to 
improving RV function and ventriculoarterial 
coupling as well as reducing the PVR/SVR ratio. 
However, activation of alpha-1 adrenoreceptor by 
NE can lead to pulmonary vasoconstriction and 
increase in PVR at high doses [40]. Vasopressin 
could be an interesting alternative or additional 
option as it has pulmonary vasodilatory effects 
and fewer tachyarrhythmias in comparison with 
NE [46]. However, the clinical relevance of this 
pulmonary hemodynamic effect is unknown. 
Low doses of vasopressin (0.01–0.04  U/min) 
must be used to avoid the risk of bowel ischemia 
at higher doses [47]. Phenylephrine has been 
shown to induce potential paradoxical effects, 
leading to an increase in PVR, a decrease in car-
diac output, and reflex bradycardia. The use of 
this drug is not recommended in the management 
of acute PH decompensation [48].

 RV Postload Optimization

The most important intervention to restore a 
durable equilibrium status is to minimize the 

afterload of the RV as much as possible. The 
means and possibilities to achieve this will 
depend on the type of pulmonary hypertension 
and the therapeutic margins still available in the 
patient admitted for right ventricular failure.

For group 1 PAHs, the reduction in RV after-
load is essentially based on the use of specific 
PAH treatments targeted at endothelial dysfunc-
tion. However, initiation of PAH-specific thera-
pies must not be considered as emergency 
medications. The potential systemic hypotensive 
effects of PAH-targeted therapies can be deleteri-
ous in unstable patients with heart failure, low 
CO, and hypotension if they are introduced 
before hemodynamic restoration. In patients in 
whom RVF is the first diagnosis of PAH with 
NYHA functional class IV symptoms and dys-
pnea, it is now recommended to use the different 
therapeutic classes available in combination as 
the first line, including a prostacyclin analogue 
[5]. The introduction of this type of treatment 
requires expertise and must therefore be done in 
a center specializing in the management of 
PAH.  For patients already treated for PAH, the 
possibility of strengthening the specific treatment 
for PAH will be considered on a case-by-case 
basis. In a retrospective analysis, Kurzyna et al. 
found that the addition of a therapy aimed at 
decreasing pulmonary vascular resistance during 
an episode of acute heart failure was associated 
with a favorable outcome [33].

In the specific case of newly diagnosed PH at 
the time of acute RHF, a postembolic origin of 
pulmonary hypertension must be systematically 
screened since it is the only form possibly acces-
sible to surgical treatment (pulmonary endarter-
ectomy) which can be discussed in an emergency 
or semi-emergency. The decision of a surgical 
intervention must take into account the anatomi-
cal location of the postembolic sequelae which 
must be accessible to surgery. For more distal 
lesions, the risk of failure and therefore of post-
operative mortality becomes too high, especially 
in patients with right ventricular failure with 
very high levels of pulmonary vascular resis-
tance [49].

It is also important to known the specific 
cases of PAH associated with lupus or mixed 
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connective tissue disease. Pulmonary vascular 
involvement may be inaugural with a rapid 
onset of right-heart failure possibly associated 
with pericardial effusion related to the severity 
of PAH and favored by autoimmune pathology. 
The immunological assessment must therefore 
be systematic in the etiological assessment of 
an inaugural RVF. The initiation of an immuno-
suppressive treatment combining corticosteroid 
therapy and cyclophosphamide bolus with spe-
cific PAH therapies can be useful to obtain, in 
some patients, spectacular results or even a 
reversibility of the pulmonary vascular involve-
ment [50, 51].

The usefulness of continuous inhaled nitric 
oxide (NO) in the management of acute RHF 
has been suggested in many studies more spe-
cifically in PH due to ARDS. In acute decom-
pensated PAH, NO inhalation seems to be safe 
but the efficacy has never been properly evalu-
ated. In a cohort of 28 patients who were candi-
dates for lung transplantation, a hemodynamic 
study showed that iNO and dobutamine have 
complementary effects on pulmonary circula-
tion. Their association leads to an increase in 
the cardiac index without mean pulmonary 
arterial pressure modification and an increase 
in PaO2 [52].

 Management of Refractory Right- 
Heart Failure

The medical strategy is not always sufficient to 
restore a long-lasting balance between the after-
load imposed on the right ventricle and its capac-
ity for compensation. In case of refractory RHF 
despite maximal medical treatment, the use of 
mechanical support should now be considered in 
selected candidates for lung transplantation, or 
less commonly as a bridge to recovery in patients 
with a treatable cause of right-sided heart failure 
[8]. This strategy, combined with changes in 
organ allocation rules to prioritize patients with a 
short-term life-threatening condition, should 
contribute to improving the survival of eligible 
patients with end-stage pulmonary arterial 
hypertension.

 Urgent Lung and Heart-Lung 
Transplantation in Pulmonary 
Hypertension
Urgent lung or heart-lung transplantation 
remains an important option in patients with 
severe RHF refractory to maximal medical 
therapy [8]. The frequent occurrence of acute 
right-heart decompensation in patients with 
PAH translates to a trend of a higher death rate 
on the transplant waiting list. Moreover, it has 
been reported that primary graft dysfunction 
and 1-year mortality rates after transplantation 
were higher in PAH than in other indications 
for lung transplantation [53].

To decrease waiting-list deaths, most coun-
tries have developed and refined lung allocation 
scores in order to prioritize the most severe 
patients at the time of listing and therefore 
reduce the risk of death on the waiting list. In the 
USA, a lung allocation score was implemented 
in May 2005 [54], which was followed by 
improved survival in patients with idiopathic 
PAH [53]. Nevertheless, the main parameters 
used in the lung allocation score did not corre-
late with the severity of right ventricular dys-
function. Modified lung allocation scores were 
proposed, including a mean right atrial pressure 
≥14  mmHg and a 6-min walking distance 
≤300 m, in order to improve the relative weight-
ing of PAH severity at the time of listing [55]. A 
system of allocation score at the time of listing 
has also been adopted in some European coun-
tries such as Germany. In addition, an excep-
tional Eurotransplant lung allocation score has 
been proposed for patients with severe right-
heart failure, in order to reduce the risk of mor-
tality on list [56]. In other countries, such as 
France, another system based on a high-priority 
allocation program has been developed, rather 
than an initial score at the time of listing. In 
cases of life-threatening conditions such as acute 
decompensated pulmonary hypertension requir-
ing the use of catecholamines, a national priority 
access to transplantation can be obtained for a 
period of 8 days, which is renewable once if nec-
essary. The possibility to offer high-priority lung 
transplantation to PAH patients with refractory 
RHF has led to a major reduction of the waiting 
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time and, by inference, reduced the risks of pre- 
and postoperative complications [57].

 Extracorporeal Life Support in Acute 
Decompensated Pulmonary 
Hypertension
Extracorporeal life support (ECLS) is another 
major advance in the management of refractory 
right-heart failure due to decompensated pulmo-
nary hypertension [8]. In case of refractory RHF 
despite maximal medical treatment, the use of 
mechanical support should now be considered in 
selected candidates for lung transplantation, or 
less commonly as a bridge to recovery in patients 
with a treatable cause of right-sided heart 
failure.

The indications for ECLS in the context of 
refractory RHF should be discussed preferably in 
an expert center with a multidisciplinary team 
able to offer all modern treatment options includ-
ing all novel medical, instrumental, and surgical 
management of RHF. Because of potentially seri-
ous complications, the use of circulatory support 
must be reserved only for selected patients at 
high risk of imminent death despite optimal med-
ical treatment with a plan for lung transplanta-
tion. Venoarterial extracorporeal membrane 
oxygenation (ECMO) is the most widely used 
technique in decompensated PAH.  The main 
advantage of this system is the possibility of ini-
tiating it without general anesthesia in awake 
patients. Venous and arterial cannulas are intro-
duced most often in femoral vessels but upper 
body approaches have also been proposed. 
ECMO leads to an immediate reduction in right 
ventricular afterload and restores systemic arte-
rial pressure, thereby improving organ perfusion. 
ECMO flows of 2.5–4 L/min are appropriate for 
PAH patients who have been accustomed to 
lower CO.  This flow rate is enough to allow 
unloading of the right ventricle, preservation of 
pulmonary blood flow, and adequate systemic 
oxygen delivery while avoiding overload of the 
left heart that may have secondary dysfunction in 
patients with severe right ventricular failure. The 
circulatory output is maintained by a pump, 
which necessitates the use of anticoagulation. 
Therefore, the major complications of ECMO are 

the risk of bleeding, but also lower limb ischemia 
and systemic infection. For these reasons, time 
under ECMO must be optimized and systemati-
cally combined with a plan for urgent transplan-
tation, or exceptionally with rapid recovery of 
right ventricular function [8].

Pumpless membrane oxygenators inserted 
between the pulmonary artery and the pulmonary 
veins or left atrium (Novalung, Hechingen, 
Germany) have also been used as a bridge to 
transplantation in decompensated pulmonary 
hypertension. With this system, no pump is 
needed, reducing the risk of bleeding. Because of 
PVR elevation in pulmonary hypertension, blood 
ejected by the right ventricle is preferentially 
redirected into the device, immediately reducing 
the afterload of the right ventricle [58]. The phys-
iological effect of this device on left ventricular 
function is probably more interesting than 
ECMO, because it restores the left ventricular 
preload which is largely impaired in pulmonary 
hypertension. The major disadvantage of the 
Novalung system is the need for sternotomy 
under general anesthesia. In our practice, we 
have mainly used this system in patients who 
failed pulmonary endarterectomy with severe 
persistent pulmonary hypertension that precluded 
weaning from cardiopulmonary bypass [59].

The best timing for setting the indication for 
the establishment of an ECMO is not clearly 
established. ECLS should be initiated when the 
clinical course suggests that terminal right-heart 
failure and/or secondary organ failure is immi-
nent despite optimized medical therapy [8]. The 
worsening of multiple-organ failure despite the 
inotropic and vasopressor supports should dis-
cuss circulatory assistance in a short time to 
allow rapid recovery of vital functions before 
transplantation. At the last world congress, a 
decline in ScvO2 accompanied by an increase in 
lactate and a decline in urine output have been 
listed as biomarkers of refractory RHF [8].

The use of ECMO as a bridge to recovery is 
much more exceptional and is only supported by 
very rare cases in the literature. This approach 
could be discussed in selected patients if there is 
the possibility to introduce combination PAH 
therapies and to treat a rapidly reversible cause of 
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PAH decompensation. Future feedback from 
expert centers will be essential to analyze the 
failure and success rate of this approach in order 
to improve the selection of candidates for such a 
therapeutic approach.

Sudden decrease in PVR after graft perfusion 
leads to a sudden elevation of left ventricular pre-
load and a higher risk of primary graft dysfunc-
tion. For these reasons, the use of ECMO has 
been proposed in selected patients during a 
48–72-h postoperative period until the end of the 
period of primary graft dysfunction (i.e., 
ischemia- reperfusion lung injuries) [60–62]. This 
approach seems to have contributed to decrease 
the risk of postoperative mortality. Interestingly, 
a progressive reversibility of the myocardial 
remodeling leading to a recovery of a normal 
right ventricular function was observed after 
double- lung transplantation, even in cases of 
end-stage right ventricular failure at the time of 
listing. This observation allowed the reduction in 
the indication for heart-lung transplantation. The 
determinants of time to right ventricular recovery 
after double-lung transplantation remain to be 
determined.

 Monitoring of Acute RHF in PH 
Patients

The appropriate monitoring for this specific sub-
set of patients remains a matter of uncertainty. An 
ideal tool should monitor cardiac variables that 
are the targets of treatments (RV preload, CO, 
and pulmonary vascular resistance) and not be 
associated with adverse effects such as arrhyth-
mias or infections. Such a tool should also be 
able to evaluate the adequacy of initiated treat-
ments on peripheral organ function. Ideally, the 
monitoring equipment should be easy to set up 
and repeatable over time.

 Clinical Monitoring

The clinical assessment of the severity of the 
acute decompensated PH episode can be subtle in 
some patients. Indeed, the clinical presentation 

can be falsely reassuring at rest. Systemic arterial 
pressure at admission has been identified as a 
prognostic factor [27]. However, a majority of 
patients are able to maintain a normal level of 
systemic vascular resistance for a long time. A 
fall in systemic vascular resistance under diuretic 
and/or inotropic support treatment appears to be 
a determining prognostic factor in ICU as well as 
the necessity of introducing norepinephrine to 
maintain the systemic pressure. Similarly, clini-
cal signs of low CO, such as encephalopathy, 
digestive intolerance, and recurrent syncope 
appear very late in the end-stage period. The 
occurrence of low urine output despite medical 
therapy is a major sign of cardiorenal syndrome 
that is clearly associated with a poor outcome in 
short term. Monitoring of diuresis and weight in 
order to assess daily water balance is a determi-
nant clinical parameter.

 Circulating Biomarkers

Markers of myocardial injury (troponin) and 
right ventricular dysfunction (BNP or 
NT-proBNP) were both identified as potential 
prognostic factors in PAH at stable condition but 
also during acute episode of decompensation [27, 
63, 64]. Cardiac troponin T is a highly sensitive 
and specific marker of myocardial cell injury that 
can increase in RHF irrespective of the presence 
or absence of coronary artery disease. Release of 
cardiac troponin from myocardium results from 
impaired coronary blood flow leading to RV isch-
emia. Short-term outcome and right ventricular 
dysfunction in acute pulmonary embolism are 
associated with elevated serum level of troponin 
[52]. Prognosis value of troponin levels in acute 
decompensation needs to be further studied.

Several prospective studies and meta-analyses 
have demonstrated an association between high 
concentrations of BNP or NT-proBNP and clini-
cal deterioration or survival in patients with PAH 
[63]. In the specific setting of acute decompen-
sated PAH, retrospective studies reported a link 
between the level of BNP or NT-proBNP and 
outcomes [27]. Other dynamic studies are needed 
to investigate the prognosis value of BNP or 
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NT-proBNP not only at the time of admission but 
also after initiation of medical treatment in 
ICU. Growth differentiation factor 15 (GDF-15) 
is another cytokine induced in the heart after 
ischemia or pressure overload. The prognostic 
value of GDF-15 has been already investigated in 
PAH but its prognostic value in acute RHF needs 
to be studied [65].

Because cardiorenal syndrome is a major 
prognostic factor in right cardiac decompensa-
tion, biomarkers assessing renal function are of 
great importance in the follow-up of patients in 
ICU. In all studies, high levels of creatinine and 
hyponatremia are associated with poor prognosis 
in short term. Elevated C-reactive protein (CRP) 
plasma levels may be in favor of an infectious 
background in PAH patients displaying acute 
heart failure. In our experience, high CRP levels 
are indeed predictors of poor prognosis in acute 
worsening of PAH, even without evidence of 
infection, raising the potential involvement of 
inflammation among several pathophysiological 
injuries [4].

 Noninvasive Hemodynamic 
Evaluation

Many echocardiographic parameters are useful to 
monitor right ventricular preload, right and left 
ventricular function, and right ventricular after-
load. Some variables evaluating right ventricular 
contractile function, like tricuspid annular sys-
tolic excursion (TAPSE) or velocities (s′) or right 
cavity dimensions, have shown to be prognostic 
factors in PAH in the stable condition. 
Nevertheless, precise assessment of right ven-
tricular function remains a challenge and very 
few data support its reliability in the setting of 
acute right-heart failure. Haddad et  al. reported 
that tricuspid regurgitation severity was the only 
parameter associated with a worse prognosis in 
the setting of acute decompensated PH [26]. 
However, it was found that neither right-heart 
chamber size nor right atrial pressure estimation 
was associated with the outcome. Additional 
studies are necessary to evaluate precisely the 
accuracy of each echocardiographic parameter in 

this specific setting and their impact on prognosis 
at admission but also after medical therapies’ 
initiation.

Alternative noninvasive or minimally invasive 
techniques have been developed in order to 
reduce adverse events and provide continuous 
CO and fluid responsiveness variables in real 
time. However, these techniques have been 
mainly studied in sedated patients under mechan-
ical ventilation. In contrast, very few data are 
available on the performance of these hemody-
namic monitoring tools in awake patients admit-
ted in ICU for right-heart failure. Many new 
systems have been developed to monitor the CO 
indirectly, with a continuous analysis of the arte-
rial pressure waveform [66]. These techniques, 
combined with right ventricular preload estima-
tion with central venous pressure, could be an 
interesting option in patients with acute decom-
pensated pulmonary hypertension, but remain to 
be prospectively evaluated.

 Invasive Hemodynamic Monitoring

In patients with a central venous line, it is use-
ful to monitor the central venous pressure in 
order to assess right ventricular preload and 
improve management of fluid balance. In addi-
tion, measurement of central venous oxygen 
saturation is recommended to appreciate tissue 
oxygenation. Right hemodynamic monitoring 
by right cardiac catheterization remains the 
most effective tool in the evaluation of right 
ventricular preload, right ventricle afterload, 
and cardiac function in pulmonary hyperten-
sion. Right atrial pressure and CO are the main 
altered parameters in acute decompensation, 
and have been demonstrated to be major prog-
nostic factors in PAH. However, invasive hemo-
dynamic monitoring in the ICU is not widely 
used in routine practice, due to a risk of infec-
tion and arrhythmia, which may be considered 
too great in these fragile patients. Ultimately, 
right-heart catheterization preferably with con-
tinuous CO measurement should be considered 
in severe and complex cases after assessing the 
benefit-to-risk ratio [8].
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Transpulmonary thermodilution-based meth-
ods to determine CO have generated great inter-
est in the ICU population. This technology 
provides information regarding numerous physi-
ological variables including systemic arterial 
pressure, CO, or stroke volume. This method has 
never been formally validated in right-heart fail-
ure. Moreover, right ventricular dilatation and 
tricuspid regurgitation are major limitations of 
the reliability of the device.

 Conclusion

Acute decompensation of PAH remains a devas-
tating life-threatening condition in the current 
management era. However, recent improvements 
combining implementation of novel medical, 
instrumental, and surgical management of RHF 
should translate to improvements in long-term 
survival of patients. Management of such patients 
requires expert centers with multidisciplinary 
teams able to offer all modern treatment options. 
Despite increasing knowledge on physiological 
features involved in RHF, many questions remain 
unclear on key cellular and molecular mecha-
nisms and their clinical implications. There 
remains a considerable need for further research 
in this field.
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Abbreviations

ARDS Acute respiratory distress syndrome
ASD Atrial septal defect
COPD Chronic obstructive pulmonary disease
CPB Cardiopulmonary bypass
DLCO Diffusion capacity for carbon 

monoxide
dPpa Diastolic pulmonary artery pressure
ECMO Extracorporeal membrane oxygenation
IPF Idiopathic pulmonary fibrosis
ISHLT International Society for Heart and 

Lung Transplantation
LAS Lung Allocation Score
LV Left ventricle
mPpa Mean pulmonary artery pressure
PAH Pulmonary arterial hypertension
PH Pulmonary hypertension
Ppw Pulmonary capillary wedge pressure
PVR Pulmonary vascular resistance
RV Right ventricle
RVAD Right ventricular assist device
SRTR Scientific Registry of Transplant 

Recipients
TPG Transpulmonary gradient
UNOS United National Organ System
VSD Ventricular septal defect

 Introduction

The right heart is a consistent source of conster-
nation in patients being considered for, and 
undergoing, cardiac or lung transplantation. 
Donor right ventricular failure is a feared compli-
cation in cardiac transplantation. Mechanical cir-
culatory support strategies in advanced cardiac 
failure depend heavily on the judgment of ade-
quacy of right ventricular function. Decisions 
regarding the timing of lung transplantation in 
pulmonary arterial hypertension, and whether to 
perform lung or combined heart-lung transplant, 
often revolve around considerations of right- 
heart failure and whether it can be successfully 
managed. Cardiac failure in patients with multi-
ple forms of pulmonary hypertension undergoing 
lung transplantation can contribute to lung 
allograft failure, multiorgan failure, and periop-
erative death. This chapter discusses these varied 
dilemmas that hinge on a common theme: right 
ventricular (RV) failure.

 Donor Right Ventricular Failure 
in Cardiac Transplantation

The presence of pulmonary hypertension in 
patients with left ventricular (LV) failure is asso-
ciated with a worse prognosis [1]. A study of 
patients with LV systolic failure who had ambu-
latory right ventricular pressure monitors 
implanted demonstrated that those patients who 
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had subsequent clinical events had higher pulmo-
nary artery systolic pressures, estimated pulmo-
nary artery diastolic pressures, and right 
ventricular end-diastolic pressures [2]. 
Accordingly it is common that patients being 
considered for cardiac transplantation have sig-
nificant pulmonary hypertension, and often sub-
stantial right ventricular failure. In the process of 
evaluating the prospective cardiac transplant can-
didate, it is incumbent upon the transplant team 
to make a determination regarding the risk of 
donor right ventricular failure following trans-
plantation. The risk of RV failure following car-
diac transplantation has multiple components 
that are summarized in Table 18.1. These include 
factors related to contractile state of the freshly 
transplanted heart, donor/recipient size discrep-
ancies, and recipient preload and afterload prop-
erties, which are highly dynamic in the immediate 
postoperative period. We will focus on the aspects 
of the prediction of risk of RV failure in the car-
diac transplant candidate.

 Prediction of Risk of RV Failure 
in a Cardiac Transplant Candidate

This process essentially involves a mind game: 
“If this patient went to the operating room today 
for a heart transplant, what would the pulmonary 
hemodynamics look like immediately following 
the operation?” This question can be addressed 
via a process that may involve several steps, con-
tingent upon initial observations. Firstly, the ini-
tial hemodynamics at the time of transplant 
referral are assessed. Secondly, an acute effort to 
modulate the hemodynamics may be made, 
essentially in an effort to mimic the immediate 
posttransplant state. Thirdly, subacute manipula-
tion of hemodynamics while maintaining a pul-
monary artery catheter to guide interventions can 
be performed. This may include use of diuretic, 
inotropes, vasodilators, and if necessary support 
devices such as an intra-aortic balloon pump or 
Impella™. All of these are in an effort to opti-
mize hemodynamics in order to predict the post-
transplant state, and also potentially serving to 
maintain the patient in stable condition while 

awaiting transplant. Fourthly, longer term 
mechanical circulatory support devices may be 
implanted as a “bridge to decision.” We will dis-
cuss these elements in sequential fashion.

 Interpretation of Initial 
Hemodynamics

Hemodynamics must be performed and inter-
preted by physicians who are experts in this 
regard. Relatively common errors include failure 
to visually inspect the tracings to avoid con-
founders such as respiratory variability, and fail-

Table 18.1 Factors influencing the risk of donor RV fail-
ure following cardiac transplantation

Afterload Persistence of elevated pulmonary 
vascular resistance and impaired 
pulmonary artery compliance
   Pulmonary vasculopathy
   Hypoxemia
   Acidosis
   Positive-pressure ventilation
Possible elevation of LV filling 
pressures
   Volume expansion
   Myocardial stunning
   Donor heart diastolic dysfunction 

(e.g., left ventricular hypertrophy)
Preload Insufficient preload

   Bleeding for which inadequate 
volume is provided

Excessive preload
   Intraoperative transfusion 

requirements (redo surgery, VAD 
removal, coagulopathy)

   Recipient vasoplegia for which 
excess volume expansion may be 
administered (preferred approach is 
vasoconstrictor administration)

   Perioperative renal failure
Contractile 
dysfunction

Ischemic time
Adequacy of donor heart preservation
RV contusion
Myocardial stunning
   Catecholamine surge from donor 

brain death
   Inotropic requirements of the donor
Donor-recipient size mismatch
Female donor
Donor age
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ure to achieve a true representation of the 
pulmonary capillary wedge pressure (Ppw). Such 
errors can cause major inaccuracy of the pressure 
measurements, leading to serious misinterpreta-
tion. Historically, the pulmonary artery pressure, 
the transpulmonary gradient (TPG) defined as the 
mean pulmonary artery pressure (mPpa) − Ppw, 
and the pulmonary vascular resistance (PVR) 
defined as (PAm − Ppw)/cardiac output have 
been the most widely used parameters for consid-
eration of the risk for RV failure with transplanta-
tion [3]. In the 2012 ISHLT Registry, preoperative 
pulmonary artery pressure and serum bilirubin 
were among the independent predictors of 1-year 
posttransplant mortality. A mean pulmonary 
artery pressure of <27  mmHg was associated 
with somewhat superior outcome (Fig.  18.1a). 

The mean pulmonary vascular resistance in 
patients undergoing cardiac transplantation was 
2.1 Wood units, with the 95th percentile equal to 
5.4 Wood units. Survival was somewhat superior 
for patients with PVR of 1–<3 Wood units com-
pared to those with PVR of 3–5 Wood units, with 
most of the difference occurring in the early post-
operative period (Fig. 18.1b). Pulmonary vascu-
lar resistance and bilirubin were among predictors 
of 5-year survival (Fig. 18.1c), with a completely 
normal pretransplant PVR being protective of 
outcome [4]. A pretransplant transpulmonary 
gradient of less than 9  mmHg was associated 
with somewhat superior 5-year survival contin-
gent upon 1-year survival. This transpulmonary 
gradient relationship was confirmed utilizing 
data extending to June 2013 [5].
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Fig. 18.1 (a) Relationship between pretransplant mean 
pulmonary artery pressure and risk of 1-year mortality in 
adult heart-transplant recipients in ISHLT Registry 
between 2005 and June 2010. Dashed lines represent 95% 
confidence intervals. (b) Kaplan-Meier survival curves 

based upon pretransplant PVR for adult heart-transplant 
recipients in ISHLT Registry between 2003 and June 
2010. (c) Relative risk of mortality by preoperative pul-
monary vascular resistance for adult heart-transplant 
recipients in ISHLT Registry between 2005 and 2010
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 Pulmonary Artery Diastolic Pressure 
to Pulmonary Capillary Wedge 
Gradient

The concept of utilizing the diastolic pulmonary 
artery pressure (dPpa) to Ppw gradient as a 
marker of pulmonary vasculopathy is not new, 
but has recently been discussed with renewed 
enthusiasm [6]. This parameter has advantages 
over transpulmonary gradient since it may be 
more informative across a range of cardiac out-
puts including high output states, although that 
aspect is less relevant in the context of candidates 
for cardiac transplantation where cardiac output 
is generally low. However, even in the setting of a 
low cardiac output, if the Ppw is elevated, it may 
disproportionately elevate the mPpa and accord-
ingly transpulmonary gradient. This is because 
elevation in Ppw will increase pulmonary artery 
stiffening (reduced compliance) [7]. A dPpa to 
Ppw gradient >7  mmHg performs better than 
TPG >12  mmHg in predicting the outcome of 
heart failure in patients with elevated left-heart 
filling pressures [8], consistent with the concept 
that it may be a superior marker of pulmonary 
arteriopathy. However, when pre-heart transplant 
dPpa was examined utilizing the United National 
Organ Sharing database, there was no association 
of elevated dPpa with the outcome following car-
diac transplantation [9]. It is possible that this in 
part reflects the difficulty of accurate measure-
ment impacting the data that is entered into such 
databases. In a subsequent multivariate analysis 
of preoperative risk factors for greater than 30- 
day hospital stay following cardiac transplanta-
tion, a pulmonary artery diastolic pressure of 
>25 mmHg was among the variables maintaining 
significance [10].

 Acute Modulation 
of Hemodynamics

 Acute Vasoreactivity Testing

Acute vasoreactivity testing with nitroprusside is 
often effective in dropping the pulmonary artery 
pressure and pulmonary capillary wedge, increas-

ing cardiac output, and improving the pulmonary 
vascular resistance, particularly in patients with 
LV systolic failure [1]. If the pulmonary vascular 
resistance can be lowered to less than 2.5 Wood 
units, this has been associated with a low risk of 
donor RV failure at the time of transplant.

 Subacute Efforts to Improve 
Pulmonary Hemodynamics

Transferring a patient to the intensive care unit, 
administering diuretics and inotropes, and if nec-
essary placing an intra-aortic balloon pump or 
temporary left ventricular support systems such 
as an Impella™ can be useful in improving 
hemodynamics and assessing reversibility of pul-
monary hypertension. This may be especially 
true in patients with hypotension and low cardiac 
output, and/or restrictive cardiomyopathy for 
whom vasodilator modulation of wedge pressure 
can be challenging.

 Left Ventricular Assist Devices 
to Improve Pulmonary 
Hemodynamics

In the presence of intractable concern about pul-
monary hypertension, placement of a left ven-
tricular assist device as a “bridge to decision” 
about candidacy for heart transplant is often a 
reasonable approach. Frequently the pulmonary 
artery pressure improves within 24 h, but some-
times several months may be necessary in order 
to presumably allow for pulmonary vascular 
reverse remodeling to occur [11].

In patients with persistent elevation of pulmo-
nary vascular resistance following LVAD implan-
tation, pulmonary vasodilators can be considered, 
though data in this regard is largely limited to 
case series. The concept here is that with LV 
unloading normalization of the pulmonary capil-
lary wedge pressure should occur, so these 
patients effectively convert to a precapillary PH 
phenotype. Phosphodiesterase-5 inhibitors are 
the most commonly utilized, though they may 
cause hypotension and accordingly alter renal 
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perfusion pressure and increase the need for ino-
tropic or pressor support. Furthermore, a 
propensity- matched analysis of the INTERMACS 
registry of patients receiving preoperative PDE5i 
found no benefit and a suggestion of harm, with 
PDE5i-treated patients more likely to suffer early 
severe right-heart failure [12]. The SOPRANO 
(Macitentan in pulmonary hypertenSiOn Post- 
left ventRiculAr assist device implantation) study 
of the endothelin receptor antagonist macitentan 
in patients with pulmonary vascular resistance >3 
Wood units and Ppw ≤18  mmHg following 
LVAD implantation, with primary endpoint of 
pulmonary vascular resistance at 16 weeks, has 
been completed; publication of results is expected 
in 2021 (NCT02554903).

 Lung and Heart-Lung Transplantation 
in Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) patients 
being considered for lung transplantation often 
have an advanced stage of cardiac dysfunction. 
This is inevitable given the young age of these 
patients, availability of PAH therapy that has 
substantially improved outcome, concern regard-
ing perioperative risk, and uncertainty regarding 
whether a patient has truly reached a point where 
transplantation is likely to result in a better out-
come than persisting with medical therapy. 
Three-month mortality in PAH patients undergo-
ing lung transplantation as reported in the 
International Society for Heart and Lung 
Transplantation (ISHLT) Registry is 23%, com-
pared with 9% for patients with chronic obstruc-
tive pulmonary disease (COPD), despite the 
much younger age of the PAH patients. In the 
ISHLT Registry, median survival of PAH patients 
undergoing lung transplant is only 5.0  years, 
with greater hazard for perioperative death than 
most other diagnoses. Nonetheless, conditional 
survival (assuming survival to 1 year) is among 
the very best, with a half-life of 10.0 years ver-
sus 6.8 years for COPD or idiopathic pulmonary 
fibrosis (IPF) [13] (Fig. 18.2a, b). This stark con-
trast encapsulates the need to better understand 
and manage this perioperative risk. In this sec-

tion, we will discuss factors that impact 
transplant waiting time, perioperative decision-
making, management, and outcome of these 
compelling patients.

The advanced stage of right ventricular dys-
function in PAH patients undergoing transplanta-
tion in the United States is driven in part by a 
United Network for Organ Sharing (UNOS) 
Lung Allocation Scoring (LAS) system, imple-
mented in 2005. This scoring system does not 
yield scores likely to result in donor offers in the 
absence of profound cardiac failure despite maxi-
mal PAH therapy including iv prostanoids. 
However, PH patients, with factors such as a high 
oxygen requirement, can see their score driven by 
this, and indeed may not have classical PAH in 
any case. Implementation of the LAS resulted in 
improved wait list mortality for all diagnostic 
groups except PAH [14]. In addition, the higher 
wait list mortality for PAH was despite having 
lower lung allocation scores than patients in other 
diagnostic groups, suggesting that the LAS sys-
tem is not adequately capturing prognostic fac-
tors relevant to PAH.  The impact of the LAS 
system on the phenotype of patients being listed 
under the PH category is well demonstrated in a 
recent analysis of temporal trends captured 
within the UNOS Scientific Registry of 
Transplant Recipients (SRTR) database of PH 
patients listed and undergoing transplantation in 
the United States [15]. Since the implementation 
of the LAS system, patients listed for transplanta-
tion under the PH category have had more 
severely abnormal pulmonary function tests, 
greater oxygen requirements, shorter 6-min walk 
distances, and better preserved cardiac output. 
This likely largely reflects the parameters that 
result in a high lung allocation score, and may be 
skewing the PH category toward patients with 
more parenchymal lung disease than is generally 
seen in PAH. While these patients undoubtedly 
are in need of transplant, those patients with 
severely deranged hemodynamics are not readily 
receiving LAS that will facilitate transplantation. 
For PAH patients whose pathophysiology pri-
marily revolves around impaired hemodynamics, 
and awaiting transplant in the United States, the 
LAS score will be usually too low to obtain 
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organs, unless the patient receives a waiver from 
the UNOS Thoracic Organ Allocation Committee. 
This requires that the right atrial pressure be 
greater than 15  mmHg or the cardiac index be 
less than 1.8 L/min/m2 despite maximal medical 
therapy, which is usually understood to include 
parenteral prostanoid therapy. Such parameters 
create a situation of worrisome risk for death 
while waiting, and may result in increased 
 perioperative risk and increased hazard of requir-
ing extracorporeal membrane oxygenation 
(ECMO) support as a shaky bridge to transplant.

Patient and, at times, physician preference to 
avoid lung transplant as long as possible may also 
play a role in the delay of transplant referral and 
listing. Such patients are often young, and hope 
to live decades. Given that the long-term survival 

of lung-transplant recipients remains uncertain, it 
is often tempting to delay transplant until such 
advanced disease is present that survival to trans-
plant, and recovery thereafter, becomes more 
problematic.

Double-lung transplant has clearly been asso-
ciated with superior outcome to single-lung 
transplant, so it is definitely preferred. 
Nonetheless, lung transplantation in patients 
with advanced PAH has historically been associ-
ated with greater perioperative mortality than 
lung transplantation performed for other indica-
tions [13]. This has resulted in debate regarding 
the relative role of combined heart-lung trans-
plant and double-lung transplant. Traditionally 
heart- lung blocks were often utilized in patients 
with pulmonary hypertension, and the hearts 
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Fig. 18.2 (a) Kaplan- 
Meier survival curves 
for lung-transplant 
recipients by diagnosis 
as reported to ISHLT 
Registry between 
January 1990 and June 
2010. Note the 
disproportionate early 
mortality in the 
pulmonary hypertension 
cohort. (b) Kaplan- 
Meier survival curves 
for lung-transplant 
recipients contingent on 
1-year survival by 
diagnosis as reported to 
ISHLT Registry between 
January 1990 and June 
2010. Note that the 
contingent survival for 
the pulmonary 
hypertension cohort is 
among the best of all 
diagnostic categories
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from such recipients were then used in domino 
fashion in patients requiring heart transplant 
who had elevated pulmonary vascular resistance 
[16, 17]. The hearts being used in domino fash-
ion were hypertrophied and generally had well-
preserved function, but it appears less common 
in the current era that pulmonary arterial hyper-
tension patients undergo transplant at a time 
when their right ventricles are still functioning 
well, so this option of domino transplant is less 
relevant.

Registries and case series have generally not 
shown a mortality difference in outcome 
between double-lung and heart-lung transplant 
operations for pulmonary hypertension, but dif-
fering patient selection (e.g., potentially a deci-
sion to perform heart-lung in those patients with 
the most severe right ventricular failure) and 
variability in center expertise may obscure such 
differences. It is generally accepted that the 
perioperative course is less fraught with heart-
lung transplantation, but proof of superior out-
come is lacking, heart-lung organ blocks are 
quite scarce, and double-lung transplantation 
will surely remain a much more common trans-
plant operation for PAH.

 Cardiac and Noncardiac 
Pathophysiology of the Advanced 
PAH Patient

Transplantation for PH patients for whom trans-
plant is actively considered most often falls under 
two different scenarios:

 1. Gradually progressive RV failure despite 
chronic therapy with vasodilators

 2. Abrupt deterioration precipitated by an acute 
insult in an otherwise previously compensated 
patient

In the first instance, the patient may have 
adapted over a prolonged period to quite low car-
diac output, and have developed severe right ven-
tricular dilation, often accompanied by 
moderate-to-severe tricuspid regurgitation. These 
patients may finally reach a point where exer-
tional intolerance is severe, manifested by dys-
pnea, chest tightness, and syncope or near 
syncope. The peri-transplant period in such a set-
ting involves a complex interplay of patient, pro-
cedural, and provider-specific factors that 
ultimately determine the outcome, as illustrated 
in Fig.  18.3. Hemodynamics typically include 

RV dysfunction

Tricuspid regurgitation

LV dysfunction

Renal dysfunction

Hepatic dysfunction

Coagulopathy

Hemodynamic instability

Anesthesia induction

Postoperative bleeding
and management

Surgical and team
experience

Ischemia reperfusion
injury

Cardiopulmonary bypass

Blood products

Volume overload

Fig. 18.3 Multiple 
factors influencing the 
outcome of lung 
transplantation in 
pulmonary hypertension
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elevation of right atrial pressure and low cardiac 
index. Systemic saturation may also be low, 
reflecting impaired gas exchange and/or opening 
of a patent foramen ovale as right atrial pressure 
rises. End-organ function may become compro-
mised due to a combination of inadequate oxy-
gen delivery and impaired perfusion. The 
impaired perfusion may represent a combination 
of systemic hypotension, low cardiac output, and 
elevated venous pressure. Ascites with increased 
intra-abdominal pressure can further compro-
mise renal perfusion. Hepatic dysfunction with 
elevated transaminases and bilirubin further com-
pounds the picture. For PH patients on warfarin, 
labile prothrombin times are common, with the 
risk of hemorrhage either while awaiting trans-
plantation or at the time of transplantation. 
Utilization of warfarin in PAH has become less 
common as recent retrospective studies have cast 
doubt on its utility [18]. Efforts to support cardiac 
output with inotropes can be useful, but also pre-
disposed to arrhythmia, or, in the case of milri-
none, possible exacerbation of hypotension or 
aggravation of prostanoid-related thrombocyto-
penia. Induction of anesthesia and potential for 
worsening hypoxemia, hypoventilation, acidosis, 
and hemodynamic effects of positive-pressure 
ventilation can make the induction period haz-
ardous [19, 20]. Rapid requirement for institution 
of cardiopulmonary bypass may prolong cardio-
pulmonary bypass duration in the context of 
complex donor organ logistics.

The very need to institute cardiopulmonary 
bypass in order to proceed with lung transplant in 
PH immediately increases the complexity of the 
procedure compared to lung transplant performed 
for lung conditions without substantial accompa-
nying pulmonary hypertension [21].

Cardiopulmonary bypass results in release of 
cytokines that increase the potential for vascular 
permeability in the transplanted lung, leading to 
allograft injury, hypoxemia, and increased venti-
latory requirements [22–24]. The wide-ranging 
effects of cardiopulmonary bypass are nicely 
illustrated in Fig. 18.4 [24]. Intraoperative bleed-
ing risk is exacerbated by preexisting thrombocy-
topenia, platelet dysfunction related to prostanoid 

use, acquired von Willebrand disease related to 
shear stress in the pulmonary vasculature [25], 
effects of cardiopulmonary bypass, and coagu-
lopathy related to preoperative warfarin use and 
hepatopathy. Cessation of anticoagulation at the 
time of transplant listing should be considered in 
order to reduce perioperative bleeding risk. In 
patients with PAH related to prior VSD or ASD 
who have had prior cardiac surgery, scarring in 
the chest further complicates operative complex-
ity, duration, and bleeding risk. Volume overload 
related to administration of blood products and 
crystalloid in response to hypotension and bleed-
ing, in the context of renal dysfunction reflecting 
preoperative factors, further exacerbates conges-
tion and dysfunction of the allograft. Adding this 
scenario to a severely dysfunctional right ventri-
cle makes it easy to understand why periopera-
tive risk is higher in PAH patients undergoing 
transplant compared to, e.g., a pulmonary fibrosis 
patient without coagulopathy, hepatic dysfunc-
tion, RV failure, renal dysfunction, or need for 
cardiopulmonary bypass.

Surgical expertise in the management of such 
a patient may also play a role. Lung transplant 
most commonly does not involve cardiopulmo-
nary bypass, and transplant for PAH remains rel-
atively uncommon. In the context of thoracic 
transplant surgeons, the need for cardiopulmo-
nary bypass may also be an uncommon part of 
their practice. Center-specific outcomes vary, and 
to some extent reflect the number of transplants 
performed [13]. Anesthesiology awareness of the 
fragile nature of the PAH patient and need for 
judicious induction and avoidance of volume 
overload may also be variable.

Distention of the RV by the volume excess can 
further compromise LV filling by virtue of RV/
LV interaction, impaired RV performance, and 
persistence of tricuspid regurgitation. In contexts 
where RV function is better preserved at the time 
of transplant, which seems increasingly rare, a 
hyper-contractile right ventricle “suicide RV” 
may develop, aggravated by perioperative use of 
inotropes.

The left ventricle also has an important role to 
play in perioperative hazards [26, 27]. Given the 
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typically very low cardiac output state of the PAH 
patient at the time of transplant, the LV has been 
chronically underfilled, becomes small in size, 
and possesses diastolic filling abnormalities [28]. 
If the RV is severely dysfunctional in the immedi-
ate postoperative phase, septal shift and pericar-
dial constraint may contribute to the difficulty that 
the LV faces in adapting to an abrupt increase in 
LV filling when coming off cardiopulmonary 
bypass. This may result in a rise in left atrial pres-
sure, which will aggravate tendency toward 
edema of the recently ischemic, cytokine- stressed, 
freshly transplanted lung. Monitoring of the pul-
monary capillary wedge pressure or placement of 
a left atrial pressure monitoring line at the time of 
lung transplant may be helpful in avoiding excess 

rise in left atrial pressure following the transplant, 
by facilitating more aggressive volume manage-
ment if LA pressure begins to rise. Utilization of 
ECMO with appropriate left heart venting and 
with gradual weaning following transplantation 
may facilitate avoidance of rise in LA pressure 
and accompanying lung allograft congestion that 
can seriously compromise the freshly transplanted 
lungs [29]. In some cases, continuous veno-
venous hemodialysis or ultrafiltration can be use-
ful to facilitate volume management in the face of 
inadequate urine output despite diuretics. 
Occasionally, LV systolic failure is observed, and 
may improve with appropriate supportive mea-
sures. These complex, interacting processes are 
summarized in Table 18.2.

CPB

Contact
activation

Complement
activation

Proinflammatory
cytokines

Coagulation
fibrinolysis

EndothelinsArachidonic acid
metabolites

SIRS

MODS

Lung dysfunction

PAFOxygen-free
radicals

lschemia–
reperfusion injury

Endotoxemia
Initiation

Immune
system

activation

Cellular immune system activation
(PMNs, endothelial cells, platelets)

No

Fig. 18.4 A schematic representation by which cardio-
pulmonary (CPB) may lead to systemic inflammatory 
response syndrome (SIRS), lung dysfunction, and 
multiple- organ dysfunction syndrome (MODS). PMNs 

polymorphonuclear cells, NO nitric oxide, PAF platelet- 
activating factor. (Reprinted from Apostolakis et al. [24]. 
With permission from John Wiley & Sons, Inc.)
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 Timing of Lung Transplantation 
in PAH1

Ideally, lung transplantation should occur elec-
tively prior to the development of end-stage RV 
failure and ensuing end-organ dysfunction and 
while the patient still has reasonable peripheral 

muscle preservation. Unfortunately there are 
multiple barriers to this timing. In the United 
States, the most severe barrier is the current LAS 
system. Utilization of the LAS waiver for patients 
with elevated right atrial pressure or severely 
reduced cardiac index is commonly employed 
when the patient reaches this level of deteriora-
tion. Further revision of this system is under 
active consideration.

 Factors Relevant to a Previously 
Compensated Patient Who Suffers 
Abrupt Deterioration

Compensated PAH patients can rapidly decom-
pensate in the face of a variety of stressors. These 
include sepsis related to indwelling lines or other 
factors, pneumonia, pulmonary hemorrhage, GI 
hemorrhage related to anticoagulation, intra- 
abdominal processes, and trauma. Detailed dis-
cussion of the management of these varied 
scenarios is beyond the scope of this document. 
Advanced RV failure despite maximal vasodila-
tor therapy can sometimes be mitigated by use of 
inotropes. Dopamine, milrinone, or norepineph-
rine may be of some benefit but there is risk of 
tachyarrhythmia, which is often poorly tolerated, 
and milrinone can cause hypotension or aggra-
vate thrombocytopenia. Phenylephrine can help 
support systemic pressure. Atrial septostomy is 
sometimes utilized as a way to improve systemic 
blood flow, thereby delivering more oxygen to 
peripheral tissue, at the expense of systemic 
hypoxemia, and can be used as a bridge to lung 
transplantation [30–32]. This has the benefit of 
improving LV filling which may facilitate LV 
adaptation at the time of transplantation. 
However, atrial septostomy is best performed 
prior to the development of end-stage RV failure, 
since marked right atrial pressure elevation and 
markedly reduced cardiac output are risk factors 
for mortality with the septostomy procedure [33]. 
Patients with advanced RV failure can in princi-
ple be managed with mechanical circulatory sup-
port either as a bridge to recovery or a as bridge 
to transplantation [34]. The wisdom of such an 
approach depends on the probability of recovery 

Table 18.2 Factors influencing the outcome of lung 
transplantation in pulmonary hypertension

Right-heart 
issues

Contractile dysfunction
Tricuspid regurgitation
Pulmonic regurgitation
Distention related to volume 
overload

Left-heart 
issues

Chronically underfilled
Diastolic dysfunction
RV/LV interaction
Pericardial constraint
Volume overload

Renal issues Preexisting renal dysfunction
Elevated venous pressure
Systemic hypotension reducing 
perfusion pressure
Compromised cardiac output
Ascites with renal vein compression
Impact of vasoconstrictors

Coagulation 
issues

Preoperative warfarin
Preoperative thrombocytopenia
Platelet dysfunction (prostanoids, 
aspirin, cardiopulmonary bypass)
Hepatic dysfunction

Anesthesia and 
intraoperative 
issues

Risk of hemodynamic collapse with 
induction
Hemodynamic effects of positive-
pressure ventilation
Low systemic pressure and 
resistance when coming off bypass
Potential for metabolic acidosis 
related to hemodynamic 
compromise after bypass weaning
Atrial arrhythmias
Surgical and team experience

Lung allograft 
issues

Cytokine effects secondary to 
cardiopulmonary bypass
Vascular permeability related to 
above and ischemia
Impact of elevated LV filling 
pressures with sudden filling of 
chronically underfilled LV
Effects of blood product 
administration (volume, transfusion-
related acute lung injury TRALI)
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for non-transplant candidates, and on the proba-
bility that organs will be identified within an 
acceptable time frame in order to avoid the sup-
port approach being a stressful bridge to nowhere. 
Options for circulatory support theoretically 
include right ventricular assist devices (RVADs) 
and ECMO.  RVADs have generally not been 
 successful, since the sudden high flow into the 
pulmonary hypertensive pulmonary bed poses a 
risk of intrapulmonary hemorrhage or edema. 
Development of RVADs with more readily titrat-
able flow characteristics would be a useful 
advance but issues of the markedly elevated PVR 
may limit success of such an approach. Case 
reports of successful biventricular bridging in 
patients with biventricular failure with devices 
such as the HeartWare™ are available [35]. 
Advances in ECMO technology have created 
both new opportunity and new dilemmas for crit-
ically ill PAH patients. Veno-venous ECMO with 
right internal jugular vein cannulation can miti-
gate issues of hypoxemia in the event of pneumo-
nia, intrapulmonary hemorrhage, acute 
respiratory distress syndrome (ARDS), or other 
forms of acute lung injury. In the event of hemo-
dynamic instability, which is a more common 
scenario in PAH, venoarterial ECMO can be 
employed, utilizing a variety of support systems 
and cannulation sites [36]. Avoidance of femoral 
cannulation is important in situations where sup-
port is expected to be prolonged, since the impact 
of immobility, and risk of line-related infection, 
can rapidly lead to an unsustainable scenario. 
Right internal jugular vein cannulation and right 
subclavian or axillary arterial cannulation can be 
successful, generally employing a cut-down to 
the artery with the use of a chimney graft. This 
allows patient mobilization, and has been suc-
cessfully utilized as a bridge to transplant or 
recovery in a variety of situations. However, there 
is significant risk of injury to the brachial plexus, 
posing the risk of long-standing upper extremity 
problems.

Central cannulation with the arterial return 
coming back to the aorta, and use of an oxygen-
ator and a centrifugal pump, has allowed mobili-
zation and successful bridge to transplant [37]. 
This leaves the left ventricle potentially under-

filled, which may compromise its adjustment at 
the time of transplant. Leaving the patient on 
ECMO for a few days post-lung transplant, with 
gradual reduction in ECMO flows, can facilitate 
LV adaptation to the normalization of cardiac 
output [29]. An alternative is the Novalung™ 
system, connecting from the pulmonary artery to 
the left atrium, and utilizing the patient’s own RV 
as the pump, which has been remarkably success-
ful [38–41]. The unloaded RV will improve its 
function and geometry, a potential advantage at 
the time of transplant. This system also has the 
advantage of avoiding the need for a centrifugal 
pump with its attendant issues, and allows the LV 
to become accommodated to at least a somewhat 
higher cardiac output, potentially facilitating the 
perioperative hemodynamic course. A Quadrox™ 
system can also be utilized in such a fashion; the 
Quadrox iD™ system can be utilized for neonatal 
support [42].

Use of support systems as a bridge to lung 
transplant is dependent on waiting times that are 
not excessively long, and careful assessment of 
probability of survival if lung transplant is under-
taken [43]. With the advent of support systems 
that allow patient mobilization, support for 
months is possible, but is an enormous commit-
ment of resources, fraught with risks of sepsis, 
bleeding, coagulation issues such as thrombocy-
topenia related to the support system or related to 
the prolonged use of heparin, and an emotional 
roller coaster for all involved.

 Conclusions

Pulmonary hypertension is extremely common in 
patients with advanced cardiac failure, and has 
substantial prognostic and management implica-
tions. Pulmonary hypertension in patients being 
considered for cardiac transplantation requires 
careful evaluation with regard to reversibility. A 
consistent, stepwise approach will optimize the 
ability to assess the risk of postoperative RV fail-
ure, and to take steps to mitigate that risk.

Lung transplantation in pulmonary hyperten-
sion patients is more complex than for most other 
lung-transplant candidates, related to the wide 
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range of issues described in this manuscript. A 
successful transplant requires a well-functioning 
team with expertise in identifying proper timing 
of transplant, proactively preparing the patient for 
transplant, bridging to transplant as needed with 
inotropes, atrial septostomy, or ECMO, optimal 
anesthesia support, skilled surgical teams fully 
comfortable with cardiopulmonary bypass and 
complex hemodynamic management. Judicious 
postoperative ventilatory, volume, renal, coagula-
tion, and hemodynamic management including 
possible use of ECMO for a few days following 
transplant to allow the heart to adapt may be use-
ful. In skilled hands, pulmonary hypertension 
patients can do very well with transplant, and, 
once clear of the perioperative period, have some 
of the best intermediate- and long-term outcomes 
of any of the indications for lung transplantation.
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Abbreviations

123I-MIBG  Iodine-123-metaiodobenzylguanidine
6MWD Six-minute walk distance
AF  Atrial fibrillation
AFl  Atrial flutter
APD Action potential duration
AVNRT  Atrioventricular nodal reentry 

tachycardia
CPR  Cardiopulmonary resuscitation
CTEPH  Chronic thromboembolic pulmo-

nary hypertension
CTI  Cavo-tricuspid isthmus
ECG Electrocardiogram
HRV Heart rate variability
Ito   Transient outward potassium 

current
LV  Left ventricle
NCX Na+-Ca2+ exchanger
PAH  Pulmonary arterial hypertension
QTc  Corrected QT interval
RV  Right ventricle
SCD  Sudden cardiac death
SR  Sinus rhythm
SSc  Systemic sclerosis
SVT  Supraventricular tachycardia
VF  Ventricular fibrillation
VT  Ventricular tachycardia

 Introduction

The term “cor pulmonale” classically refers to 
the associated hypertrophic and/or dilated remod-
eling of the right ventricle that may accompany a 
variety of chronic respiratory diseases [1]. Right- 
heart failure occurs in many diseases associated 
with the dysfunction of the pulmonary circula-
tion [2–4], including pulmonary arterial hyper-
tension (PAH) [2] and chronic lung diseases such 
as chronic obstructive pulmonary disease [5, 6]. 
In particular, right ventricle (RV) failure, that is 
the major cause of death in PAH [2], is associated 
with RV electrical remodeling [7, 8] and a higher 
risk of arrhythmias [9, 10].

 Pathophysiology

Remodeling of the right ventricle and right atrium 
in response to long-standing pressure and volume 
overload is responsible for the underlying 
arrhythmogenic substrate in patients with right- 
heart failure. Different electrophysiological 
changes predispose to arrhythmias in right-heart 
failure and rely on the underlying heart disease. 
These include alterations in Ca2+ handling, 
remodeling of the extracellular matrix and ion 
channels, presence of scars and fibrosis, activa-
tion of the sympathetic nervous and renin–angio-
tensin–aldosterone systems, dilatation and 
stretch, and delayed cardiac repolarization, all of 
which result in enhanced QT dispersion [11]. In 
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addition, insufficient blood supply associated 
with heart failure may also affect the heart, lead-
ing to acute myocardial ischemia that has its own 
arrhythmogenic mechanisms [12].

Modulation of autonomic activity plays a key 
role in predisposing to cardiac arrhythmias. 
Folino et al. [9] assessed the arrhythmic profile in 
nine patients with PAH and its correlation with 
autonomic features, echocardiographic indexes, 
and pulmonary function. PAH patients showed 
increased sympathetic activity (reduced heart 
rate variability) that correlated with higher RV 
systolic pressure at echocardiography. Premature 
ventricular beats were more frequent in subjects 
with higher adrenergic drive and lower oxygen 
saturation. Moreover, patients with episodes of 
syncope showed a relatively higher vagal activity, 
and effective mechanisms of adjustment in blood 
oxygenation during effort. In addition to reduced 
heart rate variability, elevated levels of plasma 
norepinephrine and selective downregulation of 
beta-adrenergic receptors in the right ventricle in 
PAH patients were indicators of increased sym-
pathetic activity affecting the right ventricle. The 
increased sympathetic activity correlated posi-
tively with right-heart failure severity [13]. Thus, 
the increase in pulmonary pressure and subse-
quent reduction in cardiac output may induce 
changes in autonomic activity resulting in 
increased sympathetic drive, well known for its 
pro-arrhythmic effects [14].

Iodine-123-metaiodobenzylguanidine 
(123I-MIBG) myocardial imaging has been used 
to evaluate cardiac sympathetic nervous activ-
ity using single-photon emission computed 
tomography (SPECT). Uptake of 123I-MIBG 
occurs via the same mechanism that normally 
uptakes norepinephrine. Therefore, by compar-
ing the 123I-MIBG activity at 3-h scans to those 
at 30 min, it is possible to assess the washout 
of the 123I-MIBG, which is a measure of the 
retained norepinephrine within sympathetic 
neurons. When the sympathetic system is acti-
vated there occurs a reduction of norepineph-
rine uptake, manifest as lower retention of 
123I-MIBG.  Increasing mean pulmonary arte-
rial pressure is associated with decreased 
123I-MIBG activity in the RV, indicative of 

increased RV sympathetic activity. This 
decreased 123I-MIBG activity correlates with 
worse survival in PAH [15–17].

Another important factor involved in RV elec-
trical remodeling is delayed cardiac repolariza-
tion that leads to enhanced QT dispersion. The 
latter has been shown to be a precursor of arrhyth-
mias and a predictor of all-cause mortality [18]. 
In a study of 201 patients with PAH, mean heart 
rate-corrected QT (QTc) and QTc dispersion 
positively correlated with mean pulmonary arte-
rial pressure and were significantly increased in 
patients with severe PAH [19].

Finally, RV myocardial ischemia has been 
suggested as a mechanism of ventricular arrhyth-
mias in patients with PAH. This may be due to a 
number of factors, including RV subendocardial 
ischemia due to changes in large epicardial coro-
nary branches (reduced perfusion pressure in the 
right coronary artery due to elevated right ven-
tricular systolic pressure [20], left main coronary 
artery compression [21], intramyocardial arteri-
olar compromise, impaired angiogenesis with 
capillary rarefaction related to decreased angio-
genic gene expression) [22–24], decreased per-
fusion pressure gradient, and increased 
myocardial oxygen demand as a result of RV 
pressure overload [12, 14].

Secondary ischemia-related metabolic 
changes may perpetuate the vicious cycle of isch-
emia in the maladaptive RV [24].

Electro-anatomical remodeling in failing ven-
tricular myocytes plays a key role in determining 
life-threatening arrhythmias. This has been inten-
sively studied in the clinical setting of left-heart 
failure [25–30]. Prolongation of the ventricular 
action potential is a hallmark of heart failure. 
Studies in animal models and in humans with 
heart failure have consistently revealed action 
potential duration (APD) prolongation due to 
functional downregulation of transient outward 
potassium current (Ito) [31, 32], functional upreg-
ulation of inward Ca2+ current and changes in 
Ca2+ current inactivation [33, 34], or increases in 
late sodium currents [35, 36]. APD prolongation 
may prolong Ca2+ channel opening and thereby 
contribute to preservation of contractile force. 
However, it also increases the risk of Ca2+ over-
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load, which may contribute to abnormal triggered 
impulses and perturbed signaling events. 
Although all myocardial cell layers exhibit 
 significant APD prolongation in heart failure, 
such prolongation is typically heterogeneous. In 
a mouse model of pressure-overload heart fail-
ure, Wang et al. [37] found that APD was more 
prolonged in subepicardial than in subendocar-
dial myocytes due to a more significant reduction 
in transient outward potassium currents. The dis-
persion and heterogeneous prolongation of repo-
larization between cell types across the ventricular 
wall represent an electrophysiological mecha-
nism for unidirectional block, reentry, and 
arrhythmogenicity.

The Na+-Ca2+ exchanger (NCX) is a surface 
membrane protein that transports one Ca2+ ion in 
exchange for three Na+ ions. Its activity is said to 
be “forward” when Na+ is transported into the 
cell and Ca2+ is extruded outwards, and “reverse” 
when ions are transported in the opposite direc-
tions. Most studies from hypertrophied and fail-
ing human hearts have demonstrated an increase 
in both NCX mRNA and protein levels [38–41], 
which has been posited to preserve diastolic 
extrusion of cytosolic Ca2+. At the same time, 
increased NCX activity may impair systolic func-
tion by favoring transport of Ca2+ out of the cell 
rather than back into intracellular stores.

Ito, a major determinant of the early phase of 
action potential repolarization, also plays a key 
role in modulating action potential plateau and 
repolarization profiles. In fact, downregulation 
in Ito contributes to changes in action potential 
morphology observed in many forms of heart 
disease [42–44].

Further, APD prolongation and abnormal han-
dling of intracellular Ca2+ promote abnormal 
increases in focal activity and automaticity. In 
addition, heterogeneous APD prolongation 
within the ventricular wall amplifies dispersion 
of repolarization, an established mechanism con-
tributing to reentry. Finally, spatially different 
changes in Ito across the ventricular wall in heart 
failure alter cellular coupling current.

Taken together, these changes, along with the 
alteration of gap junctions and tissue alignment, 
lead to significant changes in electrical conduc-

tivity and sequence, which are important mecha-
nisms underlying the increased propensity to 
ventricular arrhythmia and sudden cardiac death 
(SCD) in heart failure.

Therefore, right-heart failure is not character-
ized by a single set of electrophysiological changes.

Three possible electrophysiological mecha-
nisms are involved in the development of cardiac 
arrhythmias in the presence of right-heart failure: 
(a) increased automaticity, (b) triggered activity, 
and (c) reentry phenomena around an anatomical 
obstacle. Automaticity is the property of cardiac 
cells to undergo spontaneous diastolic depolar-
ization and initiate an electrical impulse in the 
absence of external electrical stimulation [45]. 
Triggered activity is a term used to describe 
impulse initiation in cardiac fibers that is depen-
dent on after-depolarizations. These are oscilla-
tions in the membrane potential that follow the 
upstroke of an action potential [45, 46]. The fun-
damental requirements for reentry are unidirec-
tional conduction block, a core of unexcitable 
tissue around which the wave front propagates, 
and maintenance of excitable tissue ahead of the 
propagating wave front (an excitable gap) that is 
facilitated by either slowing of conduction, short-
ening of the refractory period, or both [46].

Awareness of arrhythmias in patients with 
PAH and/or right-heart failure has occurred for a 
long time. In 1962, James [47] first described 
autopsy findings of sinoatrial and atrioventricular 
nodal artery disease in three patients with severe 
PAH and syncope who died suddenly. In 1979, 
Kanemoto and Sasamoto [48] assessed 171 elec-
trocardiograms (ECGs) from 101 patients with 
PAH and found arrhythmias in 27% of the con-
sidered patients. The main types of arrhythmias 
were sinus tachycardia, sinus bradycardia, and 
first-degree atrioventricular block, which 
accounted for 70% of the total, whereas ventricu-
lar arrhythmias were very rare.

Although the primary cause of death in PAH is 
right-heart failure, approximately 50% of patients 
die from another cause, with PAH as a contribut-
ing factor [49–51]. Arrhythmias have been recog-
nized as serious, end-stage complications of PAH 
reflecting the maladaptive response of the right 
heart to the increased afterload.
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 Supraventricular Arrhythmias

Baseline characteristics do not consistently pre-
dict which PAH patients will develop supraven-
tricular tachycardias (SVTs) [52]. However, the 
findings that most correlated with the develop-
ment of SVTs include serological (NT-proBNP) 
or hemodynamic (right atrial pressure, cardiac 
index) markers of overall cardiac dysfunction. 
RV failure and SVTs, in particular atrial flutter 
(AFl) (Fig. 19.1) and atrial fibrillation (AF), may 
be part of a vicious circle. From one side, SVTs 
are mainly due to structural changes in the right 
atrium secondary to chronic pressure overload 
and alterations in autonomic tone. In fact, they 
are more often present in advanced stages of 
right-heart failure or PAH. From the other side, 
the occurrence of SVT may compromise cardiac 
function and worsen the prognosis of 
PAH. Actually, the observation that sinus rhythm 
restoration was followed by marked and rapid 
clinical improvement suggests some degree of 
causal role of SVTs in precipitating and/or wors-
ening RV failure. Such clinical deterioration 
appeared to be related to the deleterious hemody-
namic effects of the loss of atrial transport mech-
anism and/or compromise in diastolic filling time 
resulting from rapid heart rates in the presence of 
ventricular dysfunction. In particular AFl, but 
also AF, almost invariably leads to further clini-
cal deterioration [53]. In these patients, RV func-
tion is a main determinant of clinical stability and 
outcome and SVTs constitute a relevant problem. 
Data about SVT incidence and clinical role are 
based on a small number of retrospective 
studies.

In a retrospective single-center analysis 
involving 231 consecutive patients with PAH or 
inoperable chronic thromboembolic pulmonary 
hypertension (CTEPH), Tongers et  al. [54] 
observed that the cumulative incidence for SVT 
was 11.7% (annual risk 2.8% per patient), includ-
ing AFl, AF, and atrioventricular nodal reentry 
tachycardia (AVNRT). SVT onset was almost 
invariably associated with marked clinical dete-
rioration and RV failure (84% of SVT episodes). 
The outcome was strongly associated with the 
type of SVT and restoration of sinus rhythm 

(SR). In fact, cumulative mortality was lower 
when SR was restored (all cases of AVNRT and 
AFl). In contrast, the vast majority of patients 
with permanent AF (9/11) died from RV failure 
at 1-year follow-up. In this study, the average 
interval between diagnosis of pulmonary hyper-
tension and onset of SVT was 3.5 years, suggest-
ing that these arrhythmias are mostly 
manifestations of long-standing pulmonary 
hypertension.

In another retrospective single-center analy-
sis [55] involving 281 patients with PAH, the 
average interval between PAH diagnosis and 
SVT onset was 60.3 ± 55.9 months. The cumula-
tive incidence of SVT, consistent with Tongers’ 
study [54], was 10%. The type of arrhythmia dis-
tribution was AF in 42.8%, “uncommon” AFl in 
25%, “common” AFl in 17.8%, and AVNRT in 
14.2%. AF and AFl occurred in older patients 
compared with AVNRT. Most episodes of SVT 
(82%) were symptomatic with clinical worsen-
ing or RV failure. In particular, the mean dis-
tance at the 6-min walk test (6MWD) decreased 
after SVT onset (423.7  ±  74.6 vs. 
252.1 ± 145.8 m; p < 0.001). Patients with AFl 
presented the most marked decrease in 
6MWD. Restoration of SR was associated with 
clinical improvement in all patients, with an 
average increase in 6MWD of 196  ±  163  m. 
After a first episode of SVT, and despite restora-
tion of SR or adequate control of ventricular 
rate, 46.4% of patients needed an increase in 
PAH-specific therapy due to progressive clinical 
deterioration or right-heart failure. The average 
time between SVT onset and death or transplan-
tation was 17.8 months.

Olsson et al. [56] in a 5-year prospective study, 
involving 157 patients with PAH and 82 patients 
with inoperable CTEPH, observed that the cumu-
lative incidence of new-onset AFl and AF was 
25.1% (95% confidence interval, 13.8–35.4%). 
The development of these arrhythmias was fre-
quently accompanied by clinical worsening 
(80%) and signs of right-heart failure (30%). 
Stable sinus rhythm was successfully re- 
established in 21/24 (88%) of patients initially 
presenting with AFl and in 16/24 (67%) of 
patients initially presenting with AF. New-onset 
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AFl and AF were an independent risk factor of 
death (p = 0.04, simple Cox regression analysis) 
with a higher mortality in patients with persistent 
AF when compared to patients in whom sinus 

rhythm was restored (estimated survival at 1, 2, 
and 3  years 64%, 55%, and 27% versus 97%, 
80%, and 57%, respectively; p = 0.01, log rank 
analysis).

Fig. 19.1 Uncommon form of typical atrial flutter due to clockwise rotation within the right atrial reentrant circuit
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Medi et al. [57] evaluated atrial electrical and 
structural remodeling in 8 patients with long- 
standing PAH compared to 16 controls. PAH 
patients showed prolongation of corrected sinus 
node recovery time without significant changes 
in atrial effective refractory period and an 
increase in AF inducibility. PAH was associated 
with lower tissue voltage, increased low-voltage 
areas, and presence of electrically silent areas. 
Conduction velocities were slower and fraction-
ated electrograms and double potentials were 
more prevalent in PAH patients compared with 
controls, respectively. Taking these data together, 
they concluded that PAH is associated with right 
atrial electro-anatomical remodeling, character-
ized by generalized conduction slowing with 
marked regional abnormalities, reduced tissue 
voltage, and regions of electrical silence. These 
changes provide important insights into the iso-
lated effects of PAH, fundamental to a range of 
clinical conditions associated with AF.

In a 6-year prospective multicenter study [58] 
involving 280 patients with idiopathic PAH, the 
cumulative 6-year incidence of SVTs was 15.8%. 
The most common types were AF (n = 16) and 
AFl (n = 13), followed by ectopic atrial tachycar-
dia (n = 11). SVTs had clinical relevance for the 
prognosis of patients with idiopathic PAH.  In 
fact, the majority of SVTs were associated with 
clinical deterioration and right-heart failure. 
Sinus rhythm was successfully restored in most 
patients, resulting in clinical recovery. SVTs pre-
dicted a higher risk of mortality in a stepwise for-
ward Cox analysis (hazard ratio of 4.757, 95% 
confidence interval 2.695–8.397, p  <  0.001). 
Kaplan-Meier survival curves showed that 
patients with SVTs, mainly permanent SVTs, 
had a lower survival rate (p = 0.008).

Recent data reinforce the concept that the new 
onset of SVTs reflects clinical worsening predict-
ing adverse outcome. Cannillo et al. [59] observed 
that 17/77 (22%) PAH patients experienced new- 
onset SVTs during a median follow-up of 
35 months. The development of SVTs was asso-
ciated with worsening of prognostic parameters 
at the follow-up: increasing of WHO functional 
class (p = 0.005) and NT-proBNP (p = 0.018) and 
reduction of 6MWD (p = 0.048), tricuspid annu-

lar plane systolic excursion (p = 0.041), and dif-
fusing capacity of the lung for carbon monoxide 
(p = 0.025). A composite primary endpoint of all- 
cause mortality and hospitalization occurred in 
76% in the SVT group compared with 37% in the 
group without SVTs (p = 0.004), whereas 53% 
among those with SVTs died during the follow-
 up compared with 13% among those without 
(p  =  0.001). At multivariate analysis, develop-
ment of SVTs was independently associated with 
an increased risk of all-cause mortality and hos-
pitalization (hazard ratio of 2.13; 95% confidence 
interval 1.07–4.34; p = 0.031).

A validated method to evaluate cardiac auto-
nomic system dysfunction is the heart rate vari-
ability (HRV). A decrease in HRV is predictive of 
arrhythmic events, particularly in left ventricular 
diseases. Witte et  al. [60] evaluated the clinical 
relevance of HRV assessed by 24-h Holter elec-
trocardiogram in 64 patients with different forms 
of PH (25 PAH, 11 CTEPH, and 28 lung disease- 
induced PH). Compared to healthy controls, PAH 
patients showed significant reduction of HRV 
with an increase of ventricular arrhythmic bur-
den, indicating a high risk for malignant arrhyth-
mic events. Differently, in CTEPH patients only 
the amount of premature ventricular contractions 
differed from controls.

A retrospective analysis from 167 patients 
with different types of PH (Group 1: 59 patients, 
Group 2: 28 patients, Group 3: 39 patients, Group 
4: 41 patients) [61] showed that 30 patients (18%) 
had AF at baseline evaluation, and 13 (8%) devel-
oped new-onset AF during a long-term follow-
 up. Patients with baseline AF showed higher 
atrial diameters and higher right atrial pressure. 
Atrial fibrillation predicted adverse prognosis in 
the whole PH population. In fact, the mean sur-
vival times were 79  ±  5  months for patients in 
sinus rhythm, 64 ± 13 months for patients with 
baseline AF, and 59  ±  9  months for those with 
newly onset AF during follow-up. Patients with 
P-wave duration >110 ms had shorter survival.

Recently, Mercurio et al. [62] in a prospective 
cohort study collected baseline data from 317 
patients (201 with systemic sclerosis [SSc]-
related PAH and 116 with idiopathic PAH) 
enrolled in the Johns Hopkins Pulmonary 
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Hypertension Registry. The authors found that 42 
patients developed SVT during the follow-up: 19 
AF, 10 flutter-fibrillation, 9 AFl, and 4 atrial ecto-
pic tachycardia, with a 13.2% cumulative inci-
dence. Patients with SVTs had higher right atrial 
pressure, pulmonary artery wedge pressure (both 
p < 0.005), NT-proBNP (p < 0.05), and thyroid 
disease prevalence defined as hypo- or hyperthy-
roidism, or radiographic thyroid nodules 
(p < 0.005). The worst prognosis was observed in 
patients who developed SVT that was not related 
to thyroid dysfunction. These results suggest that 
SVTs associated with thyroid dysfunction may 
be considered a relatively benign condition, 
while on the contrary, SVTs unrelated to thyroid 
dysfunction reflect a more advanced disease and 
may adversely affect prognosis in PAH patients. 
Furthermore, SSc-PAH with SVTs had the worst 
prognosis and idiopathic PAH with SVTs and 
SSc-PAH without SVTs had a similar long-term 
mortality.

 Therapy

Given the detrimental hemodynamic effects of 
SVT on clinical outcome, restoration and mainte-
nance of SR represent a paramount in the man-
agement of PAH patients [53].

Many studies have reported different treat-
ment strategies, highlighting the heterogeneity in 
real-world approach and outcomes (different 
drugs, eventual use of catheter ablation, different 
success rate) [52]. A variety of drugs have been 
used for SVTs in PAH patients, but their efficacy 
is limited from the severity of the underlying dis-
ease (electro-anatomical right-heart remodeling 
in response to long-standing pressure and volume 
overload with increased wall stretch, fibrosis, 
delayed cardiac repolarization, ischemia, 
increased sympathetic activity), the potential 
adverse effects, and the possible drug–drug inter-
actions between antiarrhythmic and PAH-specific 
drugs.

Similarly to AF in the setting of left-heart dis-
ease (i.e., systemic hypertension, mitral or aortic 
valve disease, left ventricle [LV] systolic or dia-
stolic dysfunction), “non-antiarrhythmic” ther-

apy must be optimized. This means that 
background therapy (such as warfarin, diuretics, 
digoxin if necessary) and PAH-specific therapy 
(endothelin receptor antagonists, phosphodies-
terase- 5 inhibitors, stimulators of soluble guanyl-
ate cyclase, and prostacyclin analogues) have to 
be individually adjusted and personalized. 
Following optimization of PAH-specific therapy, 
treatment options for SVT may include rate con-
trol (i.e., digoxin, calcium channel blockers) or 
rhythm control (i.e., antiarrhythmic agents or 
non-pharmacological treatment).

The need for systemic anticoagulation should 
be considered in all patients with AF/AFl [63].

The 2015 ESC/ERS guidelines on pulmonary 
hypertension [53] give a weak recommendation 
to anticoagulated patients with idiopathic, heri-
table, or anorexigen-induced PAH (grade of rec-
ommendation IIb, level of evidence C) and 
consider oral anticoagulation harmful in patients 
with associated PAH.  Registry and RCT data 
appear to be heterogeneous and inconclusive 
[64–66] regarding the effects of anticoagulants 
in PAH.  Likely, the guidelines’ recommenda-
tions should change in the event of permanent 
atrial fibrillation or flutter considering a wider 
and stronger recommendation for the use of 
anticoagulation. Finally, it is unknown if the 
current risk stratification models (such as 
CHA2DS2- VASc score) are valid also in patients 
with PAH [67].

With regard to atrioventricular nodal active 
drugs in patients with AF, the Atrial Fibrillation 
Follow-up Investigation of Rhythm Management 
(AFFIRM) trial [68] randomized 4060 patients 
with AF at high risk of stroke or death to a rate 
control vs. rhythm control strategy. In the rate 
control arm, different therapies were allowed to 
achieve adequate heart rate control, including 
digoxin, beta-blockers, calcium channel blockers 
(verapamil and diltiazem), or combinations of 
these drugs. In the rhythm control arm, antiar-
rhythmic drugs included amiodarone, disopyra-
mide, flecainide, moricizine, procainamide, 
propafenone, quinidine, sotalol, or combinations 
of these drugs. The strategy of rate control vs. 
rhythm control was randomized, whereas the 
choice of specific agents used was left to the 
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 discretion of the treating physician in both arms. 
During a mean follow-up of 3.5 years, there were 
356 deaths (23.8%) in the rhythm control group 
vs. 310 deaths (21.3%) in the rate control group, 
a directionally but not significantly lower mortal-
ity with rate control (p = 0.08). Two reports from 
the AFFIRM trial [69, 70] explored the associa-
tion of digoxin use with mortality among patients 
with AF, reaching conflicting conclusions: one 
reported that digoxin use was associated with a 
significant increase in all-cause mortality [69] 
and the other documented no association of 
digoxin use with mortality [70]. Several factors 
contributed to these different conclusions. Given 
the non-randomized, observational design of 
both studies, these findings should be considered 
“hypothesis generating,” and not even the most 
sophisticated statistical methods, such as 
propensity- matched analysis, can replace ran-
domization [71].

Digoxin has been traditionally largely used in 
the setting of chronic obstructive pulmonary dis-
ease also in patients with SR [72, 73]. In a single 
open-label study [39], digoxin was shown to 
improve ventricular function only if LV function 
was reduced and despite the improvement in ven-
tricular function, digoxin has failed to improve 
pulmonary function, cardiopulmonary response 
to exercise, or general feeling of well-being. 
Moreover, at present the role of digoxin in 
patients with pulmonary hypertension and AF/
AFl is not well established. Current guidelines on 
pulmonary hypertension [53] suggest that digoxin 
may be considered in patients with PAH who 
develop atrial tachyarrhythmias to slow ventricu-
lar rate.

Calcium channel blockers are commonly used 
as part of the PAH treatment regimen for “vasore-
active” patients. The use of verapamil or diltia-
zem for arrhythmia management may be 
challenging because the effects of these drugs in 
“non-vasoreactive” patients are not known and 
because of their negative inotropic activity. As a 
consequence, no specific recommendations can 
be given at this time.

Beta-blocker therapy, often used in patients 
with portal hypertension to reduce the risk of 
variceal bleeding, has been shown to worsen 

hemodynamics and exercise capacity in porto-
pulmonary PAH patients [74]. Thus, the use of 
beta-blockers for the treatment of SVT in patients 
with PAH is currently discouraged because of 
their negative inotropic effects [53].

The use of many antiarrhythmic agents in the 
PAH population is limited due to the significant 
side effect profile and lack of data. For instance, 
in patients with structural heart disease and/or 
heart failure, class IC antiarrhythmic agents (i.e., 
sodium channel blockers such as propafenone 
and flecainide) are not recommended because of 
increased risk of premature death [75].

The class III antiarrhythmic agent sotalol 
prolongs the QT interval and possesses nega-
tive inotropic effects due to its beta-blocker 
action.

In the absence of more effective pharmaco-
logical options, the need to restore SR using anti-
arrhythmic agents with no negative inotropic 
effects makes amiodarone an ideal drug in the 
acute setting for controlling hemodynamically 
significant arrhythmias. Nevertheless, the role of 
chronic prophylactic administration of amioda-
rone in maintaining SR remains uncertain, given 
significant potential side effects, such as develop-
ment of pneumonitis/fibrosis, and its potential 
drug-drug interaction with PAH-specific drugs. 
Moreover, amiodarone is a CYP2C9 inhibitor 
and may cause a significant increase in plasma 
bosentan levels [53].

The safety and efficacy profiles of newer anti-
arrhythmics, such as ivabradine and dronedarone, 
have not been well established yet.

A reliable alternative approach to SVT, in par-
ticular AVNRT [54, 55] and AFl [54, 55, 76–78], 
is percutaneous catheter ablation (Figs.  19.2, 
19.3, and 19.4). Data from a retrospective analy-
sis of 22 patients with AFl and PAH or CTEPH 
[76] showed that cavo-tricuspid isthmus (CTI) 
ablation can be performed successfully without 
complications, leading to a significant clinical 
improvement in terms of functional class. In 
addition, the absence of changes in echocardio-
graphic parameters after catheter ablation sug-
gested that acute improvement in clinical status 
was secondary to SR restoration rather than car-
diac remodeling. In a retrospective single-center 
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Fig. 19.2 Electro-anatomical reconstruction of typical right atrial flutter. SCV superior cava vein, ICV inferior cava 
vein, TV tricuspid valve

Fig. 19.3 Ablation lines of typical right atrial flutter. Abbreviation: see Fig. 19.2
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study [77] involving 38 PAH patients with 
 CTI- dependent AFl undergoing an ablation pro-
cedure, a bidirectional block of the CTI was 
achieved in all patients. Nevertheless, patients 
with severe PAH had a significantly longer proce-
dure, longer ablation time, and a greater amount 
of cumulative tissue lesions than patients without 
PAH. Finally, in another single-center retrospec-
tive study, catheter ablation was performed in 12 
PAH patients with AFl resistant to medical man-
agement. Acute success was obtained in 86% of 
procedures. After catheter ablation, echocardio-
graphic estimated pulmonary artery systolic pres-
sure decreased from 114 ± 44 to 82 ± 38 mmHg 
(p = 0.004) and B-type natriuretic peptide levels 
were lower (787  ±  832 vs. 522  ±  745  pg/mL, 
p = 0.02). A total of 80% of patients were free 
from AFl at 3-month follow-up and 75% at 
1 year.

Thus, according to available limited data [54, 
55, 76–78], treatment of AFl or AVNRT by cath-
eter ablation is feasible, safe, and effective in 
patients with PAH.

 Ventricular Arrhythmias

A prolonged QRS duration (>120 ms) is common 
in patients with left-sided heart failure and is 
associated with more advanced myocardial dis-
ease, worse LV function and prognosis, and 
higher all-cause mortality compared with patients 
with a narrow QRS complex [79–82]. QRS pro-
longation results in systolic ventricular dyssyn-
chrony, which can further decrease cardiac output 
of the left side of the heart.

Ventricular arrhythmias (Fig.  19.5) are less 
common in PAH patients compared with patients 
with left-heart diseases. Although previous stud-
ies have demonstrated interventricular dyssyn-
chrony also in patients with PAH [83], only 
limited data on the prevalence of QRS prolonga-
tion across the spectrum of idiopathic PAH are 
available at present. In a recent retrospective 
study including 212 consecutive patients with 
idiopathic PAH [84], 35 patients (16.5%) had a 
prolonged QRS duration (>120 ms). QRS dura-
tion was positively correlated with right atrial 

Fig. 19.4 Validation of ablation lines showing bidirectional block. Abbreviation: see Fig. 19.2
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and RV dimensions, suggesting a possible role of 
RV overload in its pathogenesis. Interestingly, 
QRS prolongation was associated with a worse 
WHO functional class and 6MWD and higher 
serum uric acid when compared with patients 
with normal QRS duration (p < 0.05). Moreover, 
QRS prolongation was an independent predictor 
of mortality and was associated with a 2.5-fold 
increased risk of death (p  =  0.024). Therefore, 
QRS duration >120 ms may be considered a new 
predictor of adverse outcome in patients with 
idiopathic PAH, and screening for prolonged 
QRS duration should be part of the routine 
assessment of patients with idiopathic PAH for 
risk stratification and treatment.

An experimental study on male Wistar rats 
receiving monocrotaline to induce either RV 
hypertrophy or failure investigated the electro- 
anatomical ventricular remodeling and the pos-
sible mechanisms responsible for the 
pro-arrhythmic state [85]. Failing hearts showed 
greater fiber angle disarray that correlated with 
APD.  Failing myocytes had reduced sarcoplas-
mic reticular Ca2+-ATPase activity, increased sar-
coplasmic reticular Ca2+ release fraction, and 
increased Ca2+ spark leak. Moreover, in hypertro-
phied hearts and myocytes, dysfunctional adapta-
tion had begun but alternans did not develop. The 
authors concluded that increased electrical and 
structural heterogeneity and dysfunctional sarco-

plasmic reticular Ca2+ handling increase the prob-
ability of alternans, a pro-arrhythmic predictor of 
SCD. These mechanisms are potential therapeu-
tic targets for the correction of arrhythmias in 
hypertensive, failing right ventricles.

The clinical course of pulmonary hyperten-
sion and PAH is one of progressive deterioration 
combined with episodes of acute heart failure 
[53]. RV failure and SCD are the most common 
causes of death in PAH.

Nowadays, RV failure (36%) and SCD (28%) 
together account for the majority of deaths in 
patients with PAH [86, 87]. However, in contrast 
to patients with advanced left-heart disease, life- 
threatening arrhythmias such as ventricular 
tachycardia (VT) and ventricular fibrillation (VF) 
are relatively rare in patients with 
PAH. Conversely, patients with PAH may often 
show bradycardia as pulseless electrical activity. 
The major determinant of prognosis in PAH 
patients is RV function and SCD is more likely to 
occur in such patients with severe hypoxia [88]. 
Less common “non-arrhythmogenic” causes of 
SCD should also be considered, including rare 
cases of dissection or rupture of the pulmonary 
artery [89] or left main extrinsic compression by 
dilated pulmonary artery [90–92].

In a study [51] evaluating a total of 84 PAH 
patients (mean age 58 ± 14 years, 73% female) 
who died between June 2008 and May 2012, 

Fig. 19.5 Premature ventricular beats inducing life-threatening ventricular tachycardia
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PAH was the direct cause of death (for right-heart 
failure or SCD) in 37 (44%) and PAH contributed 
but did not directly cause death in 37 (44%) 
patients. Moreover, 50% of all patients with PAH 
and 75.7% of those who died of right-heart fail-
ure received parenteral prostanoid therapy and 
less than half of patients had advanced healthcare 
directives.

Recently, a retrospective study [93] explored 
the role of non-sustained VT and its prognostic 
relevance in a population of 55 PAH and 23 
CTEPH patients who underwent 24-h Holter 
ECG.  Twenty-one patients died during follow-
 up. In patients with non-sustained VT, tricuspid 
annular plane systolic excursion was lower 
(p = 0.001). Nevertheless, the mean survival of 
patients with vs. without non-sustained VT was 
not different (146  ±  21 vs. 155  ±  8  months; 
p  =  0.690). Age, gender, 6MWD, or arterial 
hypertension did not affect the association 
between arrhythmias and survival.

A retrospective multicenter study [50] on the 
frequency and results of cardiopulmonary resus-
citation (CPR) in patients with PAH considered a 
total of 3130 patients with PAH treated between 
1997 and 2000  in 17 referral centers in Europe 
and in the United States. During this 3-year 
period, 513 (16%) patients had circulatory arrest 
and CPR was attempted in 132 (26%) of them. 
Although 96% of the CPR attempts took place in 
hospitalized patients (74% in intensive care units 
or equally equipped facilities) and although there 
was only minimal delay between collapse and 
initiation of CPR, resuscitation efforts were pri-
marily unsuccessful in 104 patients (79%). Only 
8 patients (6%) survived for more than 90 days. 
The initial ECGs at the time of CPR showed bra-
dycardia in 58 cases (45%), electromechanical 
dissociation in 37 cases (28%), asystole in 19 
cases (15%), VF in 10 cases (8%), and other 
rhythms in 6 cases (4%). The initial ECG rhythm 
was unknown in 2 cases. Data from right-heart 
catheterization within 3 months before CPR were 
available for 80 patients (61%). The hemody-
namic variables confirmed the presence of severe 
PAH in these patients but did not show any sig-
nificant differences between survivors and non- 
survivors. Except for one patient, all long-term 

survivors had identifiable causes of circulatory 
arrest that were rapidly reversible. Moreover, in 
approximately 50% of the patients in this study, 
an intercurrent illness contributed to death. These 
conditions were often minor abnormalities such 
as respiratory or gastrointestinal tract infections, 
which underscores the notion that patients with 
PAH are clinically fragile with little or no com-
pensatory reserve in the setting of concomitant 
illnesses. The authors hypothesized that poor 
results of CPR in patients with PAH may be 
explained by the underlying hemodynamic con-
dition. In fact, the mean pulmonary vascular 
resistance in the study population was 1694 
dynes  s/cm5, which is more than eight times 
above the upper normal limit of 200 dynes s/cm5. 
Under these conditions, it is extremely difficult to 
achieve effective pulmonary blood flow and LV 
filling with chest compression. These data indi-
cate that CPR for circulatory arrest in patients 
with PAH is rarely successful unless the cause of 
cardiopulmonary decompensation can be 
corrected.

On the basis of these pathophysiological con-
siderations, measures to improve the results of 
CPR in PAH patients should aim at optimizing 
PAH-specific therapy to lower pulmonary vascu-
lar resistance. In this context, it is noteworthy that 
three of the successful CPR attempts included the 
intravenous bolus administration of iloprost, a 
prostacyclin analogue.

Given the lower incidence of VT/VF in 
patients experiencing cardiac arrest in the setting 
of PAH compared to patients with advanced left- 
heart disease, the clinical role of implantable 
cardioverter-defibrillators in PAH patients 
remains unclear. Furthermore, the relative pau-
city of patients with such end-stage arrhythmias 
in the field of PAH makes systematic research 
difficult to track.

At present, no prospective clinical trial has 
been conducted to establish the true incidence of 
SCD in different subgroups of PAH. Prophylactic 
antiarrhythmic therapy is not indicated for pri-
mary prevention of SCD in patients with PAH 
[94]. In the absence of clinical trials showing the 
benefit of prophylactic antiarrhythmic therapy in 
these patients, a “tailored therapy” based on clin-
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ical judgment may be considered in the manage-
ment of asymptomatic arrhythmias such as 
non-sustained VT, taking into account the pros 
and cons of antiarrhythmic agents  (antiarrhythmic 
benefit vs. potential pro-arrhythmic risk and side 
effects). Otherwise, implantable cardioverter- 
defibrillators should be offered as a treatment 
option to PAH patients who manifest either syn-
cope or cardiac arrest in the setting of docu-
mented VT/VF.

The role of pacing in PAH patients for relative 
bradycardia is not well established, highlighting 
the intrinsic difficulty in the clinical management 
of PAH patients during cardiac arrest.

At present, there are not enough data support-
ing the role of cardiac resynchronization therapy 
in this setting. From a pathophysiological view-
point, it is known that RV pressure overload may 
induce electrophysiological remodeling, with 
conduction slowing and APD prolongation, con-
tributing to the loss of left and right ventricular 
synchrony. Moreover, delayed left ventricle-to- 
right ventricle peak shortening results in 
decreased cardiac output in patients with CTEPH 
and PAH.

Right-heart failure in PAH is associated with 
mechanical ventricular dyssynchrony, which 
leads to impaired RV function and, by adverse 
diastolic interaction, to impaired LV function as 
well. However, therapies aiming to restore syn-
chrony by pacing are currently not available and 
the role of cardiac resynchronization therapy in 
these patients remains undefined.

In an experimental model of PAH and right- 
heart failure induced in rats by injection of mono-
crotaline, Handoko et  al. [95] found that 
preexcitation of the RV free wall obtained by RV 
pacing improved RV function and reduced 
adverse LV diastolic interaction.

Hardziyenka et  al. [96] conducted epicardial 
mapping during pulmonary endarterectomy plac-
ing a multielectrode grid on the epicardium of the 
RV free wall and LV lateral wall in 26 patients 
with CTEPH and compared these findings with 
clinical, hemodynamic, and echocardiographic 
variables. They found that the onset of diastolic 
relaxation of RV free wall with respect to LV lat-
eral wall (diastolic interventricular delay) was 

delayed by 38 ± 31 ms in patients with CTEPH 
vs. −12 ± 13 ms in control subjects (p < 0.001), 
because in patients with CTEPH the right ventri-
cle completed electrical activation later than the 
left ventricle (65 ± 20 vs. 44 ± 7 ms, p < 0.001) 
and epicardial APD duration, as assessed by 
activation- recovery interval measurement, was 
longer in RV free wall than in LV lateral wall 
(253 ± 29 vs. 240 ± 22 ms, p < 0.001). They con-
cluded that additive effects of electrophysiologi-
cal changes in the right ventricle, in particular 
conduction slowing and APD prolongation as 
assessed by epicardial activation-recovery inter-
val, may contribute to diastolic interventricular 
delay in patients with CTEPH.

The same group [97] evaluated 14 CTEPH 
patients with right-heart failure and significant 
ventricular dyssynchrony (≥60  ms right-to-left 
ventricle delay in the onset of diastolic relax-
ation), showing that resynchronization therapy 
acutely reduced ventricular dyssynchrony and 
enhanced RV contractility, LV diastolic filling, 
and stroke volume. These findings provide a 
strong rationale for further investigations on car-
diac resynchronization therapy and RV pacing as 
a novel treatment for right-heart failure second-
ary to PAH.

An algorithm for tachyarrhythmia treatment 
in pulmonary arterial hypertension is reported in 
Fig. 19.6.

 Conclusion

Electro-anatomical remodeling of the right ven-
tricle and right atrium in response to long- 
standing pressure and volume overload, due to 
altered autonomics, repolarization abnormalities, 
ischemia, and scar, may be the underlying sub-
strate predisposing to enhanced arrhythmogenic-
ity in patients with right-heart failure and PAH.

Supraventricular arrhythmias, namely AFl and 
AF, are common findings in patients with PAH, 
and are often associated with worsening heart 
failure and a decline in patient clinical status. 
Given the significant potential side effects of 
antiarrhythmic drugs, percutaneous catheter 
ablation represents a safe and reliable alternative 
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approach in this patient population. VT is less 
common, and relative bradycardia is a threaten-
ing sign, with bradyarrhythmias frequently 
observed in the setting of cardiopulmonary arrest. 
The role of pacing in PAH patients for relative 
bradycardia is not well established, highlighting 
the intrinsic difficulty in the clinical management 
of PAH patients during cardiac arrest. Finally, the 
exact role of cardiac resynchronization therapy in 
these patients remains to be elucidated.
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Atrial Septostomy

Adam Torbicki, Marcin Kurzyna, 
and Julio Sandoval

 Introduction

Lowering pulmonary input impedance is the 
obvious therapeutic target in right ventricular 
failure (RVF), if RVF has been caused by 
increased afterload. However, potential clinical 
gain can also be expected from attempts to 
unload the right heart by redistribution of blood 
to underfilled left-heart chambers or directly to 
the aorta. Atrial septostomy and pulmonary-aor-
tic shunt (Potts anastomosis) represent clinically 
recognized methods serving this purpose at a 
cost of systemic desaturation. A more instru-
mentalized but physiologically appealing way of 
achieving similar hemodynamic goal, but with 
enriching the shunted blood with oxygen, is rep-
resented by venous-arterial extracorporeal mem-
brane oxygenators. This chapter presents the 
physiological background and clinical value of 
atrial septostomy in the context of current man-
agement algorithms for patients with pulmonary 
hypertension.

 Rationale

Right ventricular systolic failure is the leading 
cause of death in patients with pulmonary arterial 
hypertension (PAH) and chronic thromboem-
bolic pulmonary hypertension (CTEPH): two 
pulmonary vascular diseases characterized by 
progressive increase in RV afterload. There is 
convincing evidence that absolute RV elastance, 
reflecting its contractility, is increasing in 
PAH.  However, the progression of pulmonary 
vascular disease (PVD) usually is too fast to be 
matched by appropriate functional remodeling of 
the RV. Moreover, although there is an initially 
beneficial stretch of the RV wall resulting in 
compensatory increase of RV performance—
known as the Frank-Starling effect—this initiates 
a chain of unfavorable morphological and func-
tional consequences starting a vicious circle, 
leading to uncoupling of the RV and pulmonary 
arterial bed. This, in turn, leads to progressive 
functional deterioration and ultimately to death. 
Indeed, the natural history of patients with PAH 
or CTEPH and chronic RV failure evidenced by a 
cardiac index (CI) below 2.0  L/min/m2, and/or 
mean right atrial pressure (RAP) above 20 mmHg, 
is grim [1]. Moreover, any additional “second 
hit” leading to exacerbation of chronic RV dys-
function represents a life-threatening situation 
with in-hospital mortality of 25–60% despite 
advanced ICU management. Taken together, RV 
failure is responsible for about 3/4th of deaths 
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within the 10% annual mortality among PAH and 
non-operable CTEPH patients.

All this clearly suggests an urgent need for 
effective and safe prevention of end-stage RV 
failure, if necessary, using interventional meth-
ods suitable for clinical application.

 Theoretical Background

Atrial septostomy has been proposed as a treat-
ment of RV failure secondary to pulmonary 
hypertension based on the reasoning derived 
from comparison of the outcome of two sub-
groups of PAH patients: with idiopathic PAH and 
those in whom PAH was associated with congen-
ital shunts ultimately resulting in Eisenmenger 
syndrome.

Despite similar elevation of pulmonary artery 
pressure and resistance the patients with 
Eisenmenger syndrome were found to have much 
better life expectancy than those with idiopathic 
PAH [2, 3] (Fig. 20.1). Not only was overall mor-
tality lower, but also in 30–55% it was due to sud-
den death and not end-stage RV failure [4–6].

Indeed, in most patients with Eisenmenger 
syndrome RV function and systemic perfusion 
are preserved, as evidenced by near-normal RA 
pressures and systemic cardiac output found at 
right-heart catheterization (Fig.  20.2). If the 
mechanisms of such adaptation of the cardiovas-
cular system to extremely elevated RV afterload 
could be understood this might offer the chance 
of using them as new therapeutic approaches for 
patients with other forms of PAH.

Out of several adaptive mechanisms which 
have been suggested, including

• preservation of a “fetal” phenotype of RV 
myocytes

• appropriate RV hypertrophy
• preserved, more dense RV coronary network
• reversed shunt feeding the systemic circuit 

through a persisting defect

the latter could potentially be reproduced in non- 
Eisenmenger patients suffering from 
PAH. Opening a shunt between the atria has been 
practiced since the times of Rashkind, though for 
other indications.
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Shunting blood from the right to left heart at 
the level of interatrial septum (Fig.  20.3) could 
potentially result in increase in systemic output 
by improving LV filling and in decompression of 
the RV alleviating its failure, with further 
improvements, e.g., better right ventricular coro-
nary perfusion, less tendency for RV remodeling 
and functional tricuspid regurgitation, decreased 
kidney congestion, and their improved 
perfusion.

A price to pay would be systemic oxygen 
desaturation, particularly on exercise, with an 
unclear net result regarding tissue oxygen deliv-
ery and utilization.

Even more importantly, it is not clear whether 
and to what extent atrial septostomy alone would 
improve clinical outcome of patients with PAH if 
not accompanied by other adaptive mechanisms 
operating in patients born with congenital heart 
disease and steadily developing Eisenmenger 
syndrome. The evidence, that such an isolated 
shunt at the atrial level could be beneficial even if 
functionally opened only after development of 
PAH in the adult life, is based on a higher preva-
lence of patent foramen ovale in long-term survi-

vors of PAH as reported by Rozkovec et al. [8] 
(Table 20.1).

 Computational Models

Mathematical modeling of the effects of complex 
hemodynamic interventions, such as atrial sep-
tostomy in a setting of chronic PH, is tempting, 
particularly with increasing availability of 
advanced computational hardware and software. 
In a recent trial of Koeken et al., a Dutch group 
involving biomedical engineers assessed conse-
quences of atrial septostomy with a multiscale 
computational model of cardiovascular system 
[7]. They suggested that atrial septostomy could 
improve symptoms of right-heart failure in 
patients with severe PH if net right-to-left shunt 
flow occurs during exercise. While their model 
confirmed that septostomy improves left ventric-
ular filling and stroke volume (Fig. 20.4) and sta-
bilizes systemic blood pressure, the expected 
beneficial effect on peripheral tissue oxygen 
delivery could not be found. The increase in sys-
temic oxygen delivery after atrial septostomy has 
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been examined by computer modeling, suggest-
ing that the clinically observed beneficial effects 
of atrial septostomy may be more related to 
improved flow rather than oxygen delivery to 
perfused tissues [9].

 Experimental Models

Experimental evidence suggesting that atrial sep-
tostomy may be beneficial in chronic PH dates 
back to the work of Austen et al. [10] (Fig. 20.5). 
After inducing chronic RV pressure overload by 
pulmonary artery banding ten dogs were submit-
ted to a second surgical intervention. Five had an 
ASD and the remaining five had a sham opera-
tion. Dogs with ASD were able to perform mod-
erate and severe exercise on a treadmill, whereas 
dogs who had the sham operation could not toler-
ate it.

Other authors have also shown beneficial 
effects of similar interventions in canine models 
[11, 12].

The effect of an interatrial shunt on right atrial 
(RA) and right ventricular mechanics was reas-
sessed by Zierer et al. [11]. After banding the pul-
monary artery they used an 8  mm cannula to 
connect both atria. The model permitted con-
trolled closing and opening of the shunt to assess 
potential hemodynamic effects of septostomy. 
Also, by changing the venous return two levels of 
shunting could be compared—15% and 30% of 
the total cardiac output, respectively. 
Comprehensive analysis based on the assessment 
of ventricular and atrial pressure/volume loops 
revealed that after “septostomy” RV and RA con-
tractility did not change. Some changes were 
found in compliance of the right atrium, which 
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Fig. 20.3 Schematic representation of circulation with a 
right-to-left shunt through atrial septostomy. LA left 
atrium, RA right atrium, RV right ventricle, Qs systemic 
blood flow, Qp pulmonary blood flow, QRL right-to-left 
shunt through atrial septostomy, VO2 total oxygen con-
sumption by the body. In contrast to carbon dioxide 
removal and oxygen delivery that are determined by the 
effective Qp (location A) the delivery of nutrients (loca-
tion B) and the removal of waste products (location C) are 
determined by systemic flow. Part of the venous return is 
redirected through atrial septostomy directly to the LA, 
thereby bypassing the pulmonary circulation. (Modified 
from Koeken et  al. [7]. With permission from The 
American Physiological Society)

Table 20.1 Factors predicting life expectancy in primary 
pulmonary hypertension, including the presence of patent 
foramen ovale (PFO)

Survival
p<5 years (n =) >5 years (n =)

Family 1 1 NS
CTD 3 0 NS
Pregnancy 0 5 <0.02
PFO 0 4 <0.05
RHF any 18 10 <0.05

According to Rozkovec et  al. [8]. (Reprinted from 
Rozkovec A, Montanes P, Oakley CM. Factors that influ-
ence the outcome of primary pulmonary hypertension. Br 
Heart J 1986;55:449–58. With permission from BMJ 
Publishing Ltd.)
CTD connective tissue disease, Pregnancy disease diag-
nosed during or after pregnancy, RHF right-heart failure

A. Torbicki et al.
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increased especially at lower shunt flows. There 
was also a significant shift from the reservoir to 
the conduit function ratio in this chamber. While 
the experiment confirmed that cardiac output and 
systemic oxygen delivery increased after septos-
tomy, this effect was present only with right-to- 
left shunting corresponding to 15% of cardiac 
output. At higher shunt flow beneficial effects on 
systemic oxygen delivery were lost.

Similar message was conveyed by Weimar 
et al. [12], who found a right-to-left shunt flow of 
11% of baseline cardiac output at the atrial level 
to be an optimal therapeutic target in severe RV 
pressure overload. The authors suggested that 
atrial septostomy was not of significant hemody-
namic benefit in moderate RV pressure overload. 
However, in contrast to previously discussed 
models, in the latter trial banding was done 
acutely, and thus the results and conclusions may 
not be fully representative for chronic pulmonary 
hypertension.

 Clinical Evidence

The evidence regarding hemodynamic effects of 
atrial septostomy in patients with right ventricu-
lar dysfunction caused by increased RV afterload 
is limited, when compared to data regarding 
pharmacological treatment of pulmonary arterial 
hypertension. This limitation is a consequence of 
relatively low number of patients submitted so far 
to AS as well as to the insufficient quality of data 
due to the design of trials. At best the information 
comes from short case series. At present pub-
lished series provide data on about 350 proce-
dures performed in over 300 patients [13–32]. No 
randomized trials have ever been performed to 
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Fig. 20.4 Pressure-volume loops of the right (dashed 
lines) and left (solid lines) ventricles. a normal, b compen-
sated pulmonary hypertension, c decompensated pulmo-
nary hypertension, d severely decompensated pulmonary 
hypertension with decreased cardiac output, e same as d 

but after atrial septostomy of 14  mm in diameter. Note 
increased stroke volume of the left ventricle compared to 
d. (Modified from Koeken et al. [7]. With permission from 
The American Physiological Society)
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Fig. 20.5 Animal model used for assessing the acute 
effects of right-to-left atrial shunting, as described by 
Austen et al. in 1964. RA right atrium, LV left ventricle. 
Arrow indicates pulmonary artery banding used to chroni-
cally increase right ventricular afterload
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assess the long-term effects of AS.  In some 
reports the outcome was compared to that of 
matched historical controls followed earlier by 
the same clinical team. The dynamic changes in 
medical care and availability of pharmacological 
therapy of PAH over time make such compari-
sons questionable.

Nevertheless, the published evidence, as well 
as our personal observations, permits analysis of 
hemodynamic effects, clinical benefits, and 
safety of AS. To allow generally applicable con-
clusions we decided to exclude single case 
reports from such analyses, which are more likely 
to be affected by favorable publication bias.

 Characteristics of Patients 
Submitted to Atrial Septostomy

Out of 304 patients in whom AS was performed 
at least once, 76 were pediatric patients, 201 
(71.6%) were female, and 277 (91%) suffered 
from PAH. All the patients were either in third or 
in fourth WHO functional class with almost 50% 
reporting syncope [13–32].

In a vast majority of cases balloon atrial sep-
tostomy was performed (see below for explana-
tion). Out of 79 procedures in which blade 
balloon septostomy was used as either the main 
or the contributing method, 32 were performed 
before the year 2000 and others performed after-
wards—were almost entirely (41/42) in young 
children.

 Safety, Clinical and Hemodynamic 
Effects of Atrial Septostomy

There were 24 deaths within the first 24 h after 
the procedure, resulting in 6.8% periprocedural 
mortality. Cumulative mortality at 1 month was 
10.8%. Interestingly, 11.5% (35/304) of patients 
could be transplanted.

Hemodynamic effects of AS could be ana-
lyzed for 104 procedures for which complete 
hemodynamic data sets were available. In order 
to provide some practical guidance regarding 
indication for AS in various stages of RV dys-

function we report the results according to the 
level of mean right atrial pressure before the pro-
cedure (Table 20.2).

Based on this analysis AS appears to result in 
immediate improvement of left-heart filling, and 
systemic flow regardless of the baseline level of 
RA pressure. In patients with RAP elevated at 
baseline its significant decrease immediately 
after the procedure was noted. Those beneficial 
effects occurred at a cost of fall of systemic oxy-
gen saturation, most marked in patients with 
RAP >20 mmHg at baseline (Table 20.3). Despite 
clinically relevant increase in systemic CI (from 
1.6 to 2.2 L/min/m2, i.e., 37%) the periprocedural 
mortality in this subgroup was very high, with 11 
deaths after 26 procedures (42%) contrasting 
with 2 periprocedural deaths in patients with 
RAP below 20 mmHg (2.5%) (Table 20.3).

In a recently published systematic review and 
meta-analysis by Khan et  al. [33], the acute 
hemodynamic effects of atrial septostomy were 
confirmed. The review included 16 studies com-
prising 204 patients (mean age, 35.8 years; 73.1% 
women). Meta-analysis revealed significant and 
beneficial changes in two of the hemodynamic 
variables associated with survival in PAH, 
namely a decrease in right atrial pressure 
(−2.77  mmHg [95% CI, −3.50, −2.04]; 
p  <  0.001) and an increase in cardiac index 
(0.62 L/min/m2 [95% CI, 0.48, 0.75]; p < 0.001) 
following BAS, along with a significant reduc-
tion in arterial oxygen saturation (−8.45% [95% 
CI, −9.93, −6.97]; p < 0.001). In this analysis, 
the pooled incidence of procedure-related (48 h), 
short-term (<30 days), and long-term (>30 days) 
mortality was 4.8% (1.7–9.0%), 14.6% (8.6–
21.5%), and 37.7% (27.9–47.9%), respectively. 
Spontaneous closure of the orifice due to elastic 
recoil occurred in 23.8% of cases. The authors 
concluded that this analysis suggests that BAS is 
relatively safe in advanced PAH, with beneficial 
hemodynamic effects. They considered relatively 
high postprocedural and short-term survival con-
trasting with less impressive long-term outcomes 
as a suggestion of suitability of BAS as a bridge 
to lung transplantation.

There is hardly any information on hemody-
namic effects of septostomy during exercise. 
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While many series reported increased exercise 
tolerance [19, 24, 31], particularly increased dis-
tance covered during 6-min walk test, it is diffi-

cult to judge the contribution of psychological 
factor in patients who were submitted to septos-
tomy. The assessment of long-term effects of sep-
tostomy on exercise capacity is complicated by 
common tendency of the created orifice to shrink 
or close (Fig. 20.6).

Recently a largest-ever series of 68 BAS pro-
tected with stents from elastic recoil has been 
reported suggesting excellent chronic patency of 
creating orifices [34] (Fig. 20.7). Together with 39 
earlier reported cases a total of 107 stented BAS 
seem to suggest this strategy as being safer and 
more hemodynamically and clinically effective in 
long term than oversized septostomy orifices or 
repeated procedures performed after reocclusion 
occurs. Studies aiming to further improve long-
term BAS patency, such as cryoplasty to freeze 
the margins of the newly created atrial defect, are 
ongoing (PROPHET trial: https://clinicaltrials.
gov/ct2/show/NCT03022851).

 Late Effects of Septostomy on Right 
Ventricular Function

Improved left ventricular filling and reduced pre-
load of the right ventricle in patients in whom it 
had been severely increased before septostomy 
should lead to improved right ventricular func-
tion and—hopefully—its reversed remodeling. 
Indeed, better LV filling may improve RV sys-
tolic performance by direct support through 
interventricular septum. Also, reduced RV wall 
stress could mitigate increased RV myocardial 
oxygen demand and potential ischemia, particu-
larly during exercise. Decrease in BNP plasma 

Table 20.3 Clinical characteristics and procedure-related mortality according to right atrial pressure before the 
operation

Baseline RAP < 10 mmHg Baseline RAP 10–20 mmHg Baseline RAP > 20 mmHg
(N = 27) (N = 51) (N = 26)

Age, years 23 ± 14 28 ± 14 27.5 ± 12
Syncope (%) 73.9 66.7 36
RVF (%) 34.7 73.8 88
Procedure- 
related 
mortality
1 month

0/27
(0%)

2/51
(4%)

11/26
(42.3%)

RAP mean right atrial pressure, RVF right ventricular failure

Fig. 20.6 Residual, hemodynamically noneffective ori-
fice (arrow) seen postmortem at the interatrial septum 6 
months after initially successful atrial septostomy

Fig. 20.7 Stent-protected septostomy orifice found fully 
patent at autopsy performed 5 years after intervention. 
(From Ref. [34] with permission)

A. Torbicki et al.
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levels reported after septostomy support reduced 
diastolic wall stretch and reduced RV afterload 
[29]. Moreover, in some reports improvement in 
hemodynamics after septostomy, as evidenced by 
RAP and CI, was even more marked at long-term 
follow-up than immediately after the procedure 
[15, 28]. Also echocardiographic follow-up dem-
onstrated reduction of RA and RV dimensions up 
to 6 months after septostomy suggesting persis-
tent beneficial effects of this intervention on 
right-heart remodeling [35].

Such effects may also be induced by restora-
tion of more physiological autonomic system 
balance. It has been demonstrated that sympa-
thetic overdrive may be one of the mechanisms 
involved in the pathophysiology of RV failure in 
patients with PAH. Ciarka and coworkers showed 
a significant decrease in initially elevated muscle 
sympathetic nerve activity after the procedure 
[27]. Less sympathetic drive can reduce myocar-
dial oxygen demand, ischemia, and tendency to 
arrhythmia. Of note, heart rate did not increase 
despite a significant systemic oxygen desatura-
tion following septostomy.

 Effects on Blood Gases and Oxygen 
Transport

The effects of septostomy on systemic oxygen 
transport (SOT) and its tissue delivery are unclear. 
An increase in SOT resulting from the increase in 
CI despite the drop in SaO2% has been suggested 
in some clinical studies [36] but seems unlikely 
and has not been confirmed when tested in 
recently developed computational models 
addressing this issue [7, 9]. Whether better perfu-
sion of peripheral tissues improve local utiliza-
tion of oxygen even if delivered in similar 
quantities remains unclear.

A potential adverse effect induced by acute 
systemic desaturation on pulmonary hemody-
namic has been suggested by Kurzyna et  al. 
Within an hour after successful septostomy and 
despite initially stable and well-controlled degree 
of SaO2 they noticed unexpected “secondary” 
significant drop in oxygen saturation [26]. It 
occurred in patients who were not receiving 

chronic targeted therapy and could be effectively 
reversed by inhalation of a prostanoid (iloprost). 
The authors linked this observation with an 
increase in PVR seen in some of their patients 
soon after completion of atrial septostomy [26]. 
This increase correlated in turn with the degree of 
desaturation of mixed venous blood entering pul-
monary arterial bed, which was a direct conse-
quence of acutely reduced systemic SaO2. 
Hypoxemic constriction of pulmonary arterioles 
as a reaction to profound sudden reduction in 
SvO2 despite alveolar normoxia has been sug-
gested, but could not be proved. We generally 
think that it is alveolar hypoxia rather than 
hypoxemia that causes pulmonary vasoconstric-
tion so this is a surprising conclusion. 
Interestingly, the hemodynamic data collected 
from 104 patients indeed show a trend towards 
increase of PAP after septostomy (Table  20.2). 
An alternative explanation of such a trend might 
however come from improved RV output sup-
ported through interventricular septum by a bet-
ter filled LV.  In view of protection of patients 
from potential pulmonary hypoxic/hypoxemic 
vasoconstriction by powerful vasodilating drugs 
the clinical relevance of this potential side effect 
of septostomy was abrogated [32].

 Risks and Limitation of Atrial 
Septostomy

Atrial septostomy is not an easy procedure. There 
is an important difference between puncturing 
interatrial septum to perform mitral annuloplasty 
or ablation in the left heart and atrial septostomy 
in severe pulmonary hypertension. The remodel-
ing of the heart, and particularly reduced distance 
between interatrial septum and left atrial free 
wall as well as disturbed topography of the 
ascending aorta, increases the risk of perforation 
with potentially immediate fatal consequences. 
Fluoroscopy alone is used to guide the procedure 
in some experienced centers. However, with less 
experience more comprehensive imaging is 
needed to monitor the procedure. Parallel use of 
fluoroscopy and transesophageal imaging of the 
interatrial septum are probably the best choice. 
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Prolonged insertion of TEE probe however 
requires general anesthesia, which is not without 
risks in severe pulmonary hypertension. Good 
collaboration of anesthesiologist, interventionist, 
and PAH expert is crucial to avoid problems. 
Transthoracic echocardiography offers some 
support during the procedure but is far less infor-
mative than TEE.  Intracardiac ultrasound is an 
acceptable alternative (Fig.  20.8). While not as 
versatile as TEE, it can be performed without dis-
comfort to the patient without anesthesia.

Once the septum is punctured the next impor-
tant step is to select the optimal orifice size. This is 
difficult with the blade balloon technique, which 
has been gradually abandoned because of the risk 
of creating tears in the septum which may result in 
oversized shunts with uncontrollable and life-
threatening hypoxemia. Stepwise balloon tech-
nique is now used by most active centers. It allows 
precise control over the size of created orifice.

As an example, the procedure used in the 
Institute of Cardiology in Mexico is the follow-
ing: baseline right and left-heart pressures are 
recorded simultaneously with a pigtail catheter 
in the ascending aorta just over the aortic valve 
to serve as an additional marker lowering the 
risk of aortic puncture. Cardiac output is calcu-
lated by the Fick method. Following transseptal 

puncture using standard technique, the septos-
tomy orifice is balloon-dilated in a carefully 
graded step-by- step approach, beginning at a 
diameter of 4 mm, and followed by 6, 8, 12, and 
16 mm dilatations, as appropriate. Between each 
step and after 3 min allowed for stabilization of 
hemodynamics, left ventricular end-diastolic 
pressure (LVEDP) recordings and arterial oxy-
gen saturation (SaO2) are obtained. The final size 
of the defect is individualized in each patient and 
limited by the time at which any of the following 
first occurred: (1) an LVEDP increase of 
≥18 mmHg; (2) a SaO2 reduction to 80%; or (3) 
a 10% SaO2 decrease from baseline. Follow-up 
of the patients is done in the intensive care area 
for the first 48 h, where continuous supplemen-
tary oxygen is  administrated and appropriate 
anticoagulation is started. All patients are fol-
lowed at outpatient clinic with particular care to 
maintain correct oral anticoagulation and appro-
priate hemoglobin levels [32].

The stepwise approach is safer but tedious, 
time consuming, and expensive, as many bal-
loons have to be used. Moreover, balloon dilata-
tion does not protect from elastic recoil and 
closure (Fig. 20.6). Therefore, some teams aim at 
a predefined single-size orifice but protected 
from closure with a butterfly stent [37, 38] or 

a b

Fig. 20.8 Intracardiac echocardiographic monitoring of 
(a) balloon inflation (arrow) and (b) right-to-left shunt 
after puncturing interatrial septum. RA right atrium, LA 

left atrium. The intracardiac echocardiographic transducer 
is introduced via jugular vein and placed in high right 
atrium

A. Torbicki et al.
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fenestrated occluding device [25]. However, fol-
low- up revealed occlusion of this device in four 
out of nine patients despite chronic anticoagula-
tion or antiplatelet therapy [30] making such 
approach questionable. Butterfly stents seem to 
be more effective, but they have to be prepared 
and positioned on a septostomy balloon on-site 
by the operator during the procedure. This again 
significantly increases procedural time, and 
requires dedicated personnel and a long time slot 
of the hemodynamic laboratory. Recently a new 
concept of cryoablation to septostomy borders 
has also been applied with a good long-term 
result after the second septostomy, which was 
performed because the first one closed 
(J. Sandoval, personal communication, 2014). In 
our experience and not unexpectedly the small 
orifices closed most often suggesting that septos-
tomies should be made earlier—in patients with 
no more than mildly elevated RAP—but larger.

Closing of septostomy can be suspected if at 
pulse oximetry checkups SaO2 gradually returns 
towards baseline values. In such a case an attempt 
to push the leader across a still patent orifice 
avoiding risky puncture and limiting the proce-
dure to balloon dilatation is tempting. However 
finding the residual hole may be very difficult 
and usually a new puncture is needed.

 Atrial Septostomy and Therapeutic 
Strategy in Pulmonary 
Hypertension

Based on the available evidence as well as our 
personal experience regarding the efficacy and 
safety of atrial septostomy it seems that this pro-
cedure has both a place and—even more impor-
tantly—a potential to play a more prominent role 
in the management of patients with PAH and 
right ventricular dysfunction. This is justified by

• Sound pathophysiological background
• Experimental and computational evidence 

consistent with clinical findings
• Convincing data on increased systemic output 

due to improved left ventricular preload and 
resulting in clinical improvement

• Lack of clinically significant consequences of 
systemic desaturation

• Better understanding of periprocedural risk 
and optimal patient selection

These characteristics permit considering atrial 
septostomy particularly in patients who are subop-
timally controlled by modern medical therapy. 
Syncope and fluid retention may be relieved by 
septostomy and time can be gained increasing the 
chance to survive on the lung transplantation list. If 
septostomy is considered in a patient it is of para-
mount importance not to miss the optimal moment 
characterized by still preserved acceptable oxygen 
saturation without prohibitive levels of RAP.

Septostomy may be particularly useful in 
countries/centers who have suboptimal access to 
lung transplantation programs or to expensive 
double- and triple-targeted therapy.

Following actions are urgently needed:

• Identification and implementation of the best 
method to prevent reocclusion of atrial 
septostomy

• Designation of referral septostomy teams with 
appropriate experience and perspectives to 
create a high-volume/high-quality environ-
ment with appropriate quality monitoring

• Preparation of a properly designed interactive 
registry offering standardized management 
suggestions and at the same time collecting 
evidence with a goal of using the results for 
future optimization of patient selection and 
methodology of procedure. Such registry—if 
extended to centers not performing septos-
tomy—would also allow comparison of long- 
term outcome between matched groups of 
patients to whom septostomy was or was not 
offered.

To optimize the risk/benefit ratio of atrial 
septostomy as well as introduce this procedure 
as a preventive measure which delays failure of 
the right ventricle despite progressive pulmo-
nary vascular disease new data are needed. This 
includes a prospective trial to verify whether 
atrial septostomy may be effective in the setting 
of moderate right ventricular hypertension. 
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Such an early intervention has been recently 
suggested by a clinical retrospective study but 
seems not to be supported by experimental data 
[12, 32].

In view of great achievements regarding 
assessment of efficacy and safety of modern 
pharmacotherapy of PAH and continuing prob-
lems with availability of donors for lung trans-
plantation programs the community caring for 
patients with PH and the patients themselves 
have to mobilize resources and enthusiasm to 
arrange a landmark trial identifying optimal 
positioning of atrial septostomy in the future 
management strategy. New technical develop-
ments, including remote-controlled devices 
with modifiable shunt fractions and preventing 
from reocclusion of the septostomy orifice, 
should encourage the industry to support our 
efforts, hopefully in the near future. This may be 
facilitated by a recently emerging interest in 
using atrial septostomy in another much more 
prevalent indication, indirectly confirming the 
clinical benefits of creating and regulating intra-
atrial shunt.

 Atrial Septostomy Plus Dedicated 
Devices for the Management of HF 
with Preserved Ejection Fraction

In the last few years there has been a conceptual 
transfer of the use of atrial septostomy plus dedi-
cated devices to treat heart failure with preserved 
ejection fraction as that seen in group 2 of pulmo-
nary hypertension, which appears an appealing 
concept given the lack of an effective treatment in 
this group. Elevated left atrial (LA) filling pres-
sure leading to pulmonary congestion is the com-
mon final pathway in decompensated HF.  This 
provides the basis for creating a left-to-right 
shunt for reducing LA pressures, and relieving 
volume excess from the left atrium, thus improv-
ing symptoms (particularly during exercise) and 
functional class and reducing rehospitalizations 
[39–43]. The rationale for this proposal is based 
on several clinical observations: (1) It has been 
recognized that patients with the rare combina-
tion of an atrial septal defect and mitral stenosis 

(Lutembacher’s syndrome) do better and are less 
symptomatic than patients with isolated mitral 
stenosis, presumably because the shunt allows 
for LA decompression [39–42]. (2) Increase in 
left atrial pressure and acute pulmonary edema 
has been described after closure of congenital 
atrial septal defects, particularly in patients with 
preexisting or unrecognized left ventricular dys-
function [44]. (3) Balloon atrial septostomy or 
placement of a transseptal cannula has been asso-
ciated with ventricular recovery in patients who 
could not be weaned from extracorporeal mem-
brane oxygenation for intractable pulmonary 
edema [45]. (4) It has been reported that a resid-
ual communication after percutaneous mitral 
valve repair (using a MitraClip device through a 
22F guiding catheter) resulted in a volume and 
pressure relief of the left atrium [46].

Atrial septostomy with shunt device place-
ment in the setting of HF with preserved ejection 
fraction may be superior to exclusive static bal-
loon dilatation of the interatrial septum [41]. 
Devices used for this purpose include InterAtrial 
Shunt Device (IASD®, Corvia Medical Inc., 
Tewksbury, MA, USA), V-Wave device (V-Wave, 
Caesarea, Israel), Second-generation (valveless) 
V-Wave device (V-Wave, Caesarea, Israel), and 
ROOT device (Edwards Lifesciences) [43]. 
Besides its use, in PAH patients [47] the future 
application of the atrial flow regulator (Occlutech) 
device may also be extended to other heart failure 
populations. Implantation of this device may per-
mit left-heart decompression via fenestration. 
Further clinical trials are still required.

Current evidence for interatrial shunting alone 
or with dedicated devices is based on observa-
tional studies and small randomized trials show-
ing the feasibility, safety, and preliminary efficacy 
in patients with PH and left HF [43]. These data 
seem to be insufficient to modify current clinical 
practice but support the use of interatrial shunting 
as a palliative therapy in selected patients with 
PH or left HF that remain symptomatic despite 
optimal treatment based on current guidelines. 
Several ongoing randomized trials will provide 
definite evidence about the exact role of this ther-
apy for the treatment of HF patients [43]. If the 
results are positively associated with improved 
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clinical outcomes, device-mediated left-to-right 
atrial shunting might become an important new 
approach to the treatment of this population.

It must be emphasized that the creation of an 
atrial communication is a palliative not a curative 
approach. The restrictive character of a generated 
shunt makes this mechanical therapeutic measure 
a helpful, low-risk treatment. However, an over-
sized atrial communication with shunt-dependent 
pressure equalizing between both atria should be 
avoided [41]. Overall, shunt device size in HF 
patients has ranged from 5 to 8  mm. In a vali-
dated cardiovascular simulation model, it has 
been shown that with a shunt of 8–9 mm there is 
no increase in right atrial and pulmonary artery 
pressures [48]. However, further studies are 
needed to determine the optimal shunt size for 
patients with left HF. Also, because of the intro-
duction of a left-to-right shunt, patients with evi-
dent right ventricular dysfunction or significant 
pulmonary arterial hypertension (PA systolic 
>60  mmHg) should be excluded [39, 49]. 
However, milder cases of postcapillary pulmo-
nary hypertension due to left ventricular failure 
with its preserved systolic function may poten-
tially benefit from a bidirectional interatrial shunt 
dynamically regulating filling of both ventricles.
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Treating the Right Ventricle 
Directly in Pulmonary 
Hypertension

Norbert F. Voelkel, Dietmar Schranz, Liza Botros, 
and Harm Jan Bogaard

The rationale for the assessment of the root causes 
of right ventricular failure simply lies in the 
acknowledged fact that patients with severe and 
chronic pulmonary hypertension die from right 
heart failure. During the last two decades, we have 
witnessed several paradigm shifts in the research 
of pulmonary hypertension. The first shift occurred 
when investigators recognized that pulmonary vas-
cular tone and vessel constriction were insufficient 
to explain the pathobiology of severe forms of pul-
monary hypertension. A more recent shift occurred 
when investigators began to consider the RV as a 
specific participant in the pathobiology of pulmo-
nary hypertension and part of the sick lung circu-
lation right heart failure axis, both of which are 
considered as treatment targets [1].

 Introduction

It has been widely accepted that a significant 
reduction in the pulmonary artery pressure will 
unload the stressed right ventricle, “the RV under 
pressure” [2]. A “significant” reduction in pulmo-
nary artery pressure unfortunately cannot be 
achieved presently for all patients and, as Van de 
Veerdonk et al. [3] have showed, patients that do 
not achieve an improvement of their right ven-
tricular ejection fraction on therapy deteriorate 

and have a bad prognosis. Recent large cohort 
studies have focused on “risk assessment” and 
“risk calculators” have been developed and pub-
lished [4, 5].

On the other hand, there are patients with 
severe pulmonary arterial hypertension that 
remain for a considerable length of time highly 
functional. These patients are in NYHA func-
tional class I and early on there were reports of 
long-term survivors of primary pulmonary hyper-
tension at a time when there was no targeted PH 
therapy [6]; see Fig. 21.1.

Taken together, one can frame the problem of 
the “at-risk” patient as the problem of a RV that 
cannot successfully adjust to the high pressure, 
and explain the “good fortune” of the patient in 
functional class I—who can run 5-km races—
with a robust and appropriately hypertrophied 
and vascularized RV muscle.

While the secrets of the astonishingly func-
tional RV in NYHA class I patients still remain 
secrets, presently the goal of supporting RV func-
tion and improving RV function can be accom-
plished in several different ways.

There are pharmacologic treatments which, in 
addition to being pulmonary vasodilators, also 
directly affect the RV function; then there are 
non-vasodilator drugs that impact RV function; 
and then there are procedures, catheter guided and 
surgical, resulting in a shunt, that are aiming to 
treat RV failure by reducing wall stress of the RV.

Although there have been—and still are—
skeptics and self-pronounced nonbelievers, the 
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very first treatment for severe PAH was a game- 
changer, because—as we believe—the continu-
ous infusion of the very powerful vasodilator 
prostacyclin directly impacts the heart and in 
addition the systemic circulation both far beyond 
the pulmonary vasculature. After so many years it 
is worth to revisit the seminal report of the first 
successful treatment of a moribund 27-year-old 
woman with IPAH by Tim Higenbottam and 
associates in 1984 in Lancet [7]. Tim wrote:

Whilest the patient breathed air the pulmo-
nary vascular resistance (PVR) was estimated by 
means of a flow-guided balloon catheter at 
between 25 and 30 units, An intravenous infusion 
of epoprostenol was then started and increased to 
4 ng/kg/min. The PVR fell to 15 units and this 
was associated with an immediate improvement 
of oxygenation. The pulmonary blood flow, mea-
sured by thermodilution increased from 3.0 to 4.1 
l/min.

At the time, in 1984, and still today, this find-
ing was/is interpreted as follows: the powerful 

pulmonary vasodilator prostacyclin (PGI2) 
relaxed constricted pulmonary arterioles allow-
ing more blood to flow through the lung vessels 
and a drop in the vascular resistance to blood 
flow allowed the cardiac output to increase. This 
explanation is entirely consistent with Ohm’s 
law—and yet it is wanting because it did not 
(does not) consider that prostacyclin could per-
haps also directly work on the myocardium—
possibly both of the right and left ventricles.

We believe that not considering a direct effect 
on the heart was shortsighted. This dogmatic 
interpretation at the time stood in the way of the 
pursuit of a “prostacyclin-induced partially 
recovered myocardial function” hypothesis. Such 
a hypothesis should have been entertained.

Here is why.
Clinicians in the catheter lab have observed 

that there were unfortunate patients with severe 
PAH where the infusion of incremental 
 prostacyclin doses does not increase the cardiac 
output. These are the high-risk patients that can-
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the time of initial heart catheterization is not correlated 
with the duration of subsequent survival. (Voelkel & 

Reeves 1979, Redrawn and reproduced with the permis-
sion of the author [6])

N. F. Voelkel et al.



369

not increase their RVEF with any therapy [3]; 
these are the patients that die. In these patients 
one finds a decrease in the pulmonary arterial 
pressure that is not accompanied by an increase 
in the cardiac output. We suggest that in these 
patients the contractile myocardial machinery 
has become unresponsive to prostacyclin and its 
power to increase cellular cyclic AMP, or that the 
contractile machinery has become irreparably 
damaged.

Our concepts of RV failure have since then 
evolved; we are now accepting that the heart 
muscle, its contractile force, and its metabolism 
are—while not completely independent of the 
“sick lung circulation”—critically important 
determinants of overall PAH patients’ outcome.

One of us observed a young woman that had 
been admitted with ascites and anasarca due to 
IPAH and terminal RV failure, and how continu-
ous epoprostenol infusion caused a dramatic 
recovery within 1 week of treatment. The treat-
ment of this patient had been inspired by Tim 
Higenbottam’s case report [7], and was made 
possible by a speedy shipment of the prostacyclin 
by Burroughs Wellcome in England and a com-
passionate approval to use iv epoprostenol by the 
Colorado University Institutional Review Board.

This rapid clinical improvement was difficult 
to explain by prostacyclin causing a de- 
remodeling of the obstructed pulmonary arteri-
oles or a considerable anti-inflammatory response 
directed at the lung vessels.

The concept for explaining how this moribund 
patient was able to walk out of the hospital after 
1 week of continuous epoprostenol treatment was 
that the failing right ventricle had recovered most 
of its function. The same young woman remained 
stable and functional for several years on this 
treatment until she developed a severe depressive 
illness. She insisted that the prostacyclin treat-
ment should be stopped. After several months of 
counseling and psychiatric treatment—that had 
not changed the patient’s mind—the patient was 
admitted to the hospital in order to slowly taper 
the prostacyclin infusion. This accomplished, the 
patient died 1 week later.

So much for anecdotes and observations, yet 
the lesson experienced was that the failing RV 

can recover and that the recovery was, without 
any doubt, the result of, and dependent on, con-
tinuous prostacyclin treatment.

How mechanistically prostacyclin can restore 
RV function remains largely unknown and we 
believe that the impact of prostacyclin treatment 
on the myocardial microcirculation, cells, and 
expressed genes and enzymatic activities needs 
to be investigated. In addition to its postulated 
cardiac and pulmonary circulatory effect, the 
impact of PGI2 on the systemic circulation with 
subsequent improved oxygen uptake and dimin-
ishing of the neurohumoral hyperactivity cannot 
be ruled out.

A first step in this direction would be a cathe-
ter- or cMRI-based study of RV-arterial coupling 
before prostacyclin and at various time points 
after the treatment has started.

 Drugs Targeting Pulmonary 
Hypertension That Are Vasodilators 
and May Have a Pressure- 
Independent Effect on the Right 
Ventricle

In addition to prostacyclin [8], there are pulmo-
nary vasodilator drugs which may also improve 
right ventricular function by impacting cellular 
and molecular alterations that characterize the 
failing heart. It is intuitive that a clean separation 
of a direct cardiac effect from the consequence of 
a drug’s reduction in the RV afterload in patients 
with severe PAH is not possible. In animal model 
studies where an agent causes a significant drop 
in the pulmonary artery pressure one can usually 
observe a commensurate decrease in the RV 
hypertrophy, while there are few studies that 
evaluate the effect of drug treatment on the RV in 
models of pulmonary artery banding (PAB) 
where the remodeling of the RV is independent 
of pulmonary vasoconstriction.

A recent example illustrates the difficulty of 
demonstrating a direct myocardial effect of pul-
monary hypertension drugs. Monzo et  al. [9] 
evaluated 22 patients using right-heart 
 catheterization and gated equilibrium blood pool 
single- photon emission computed tomography to 
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assess RV function before and after 20 mg of iv 
sildenafil; the authors found a 20% acute increase 
in the RVEF which they explained by an improved 
RV-PA coupling due to a reduced RV load.

Ralph Schermuly’s group in Giessen treated 
rats with pulmonary artery banding (PAB) for 
2 weeks with 10 mg/kg of the endothelin receptor 
blocker macitentan and documented in this model 
a modest effect on RV remodeling which was not 
observed by sildenafil treatment (10  mg/kg for 
2 weeks) of PAB rats [10].

The lipophilic dual-endothelin receptor 
blocker macitentan [11], developed by Actelion 
to replace bosentan, was studied in a rather large 
cohort trial of patients with PAH and shown in 
2015 to decrease mortality [12]. Because patients 
with severe PAH die from RV failure, one would 
like to assume that the reduction in mortality in 
this SERAPHIN trial was because of macitentan 
stabilizing the RV or slowing down RV failure. 
Yet, while a study of patients of PH associated 
with thromboembolic pulmonary disease showed 
a hemodynamic improvement [13], a study of 
patients with left-heart disease-associated PH 
(12-week treatment of 31 patients with maciten-
tan) showed an insignificant increase in the car-
diac index and decrease in NT-proBNP [14]. The 
data from the REPAIR macitentan treatment trial 
have been published in abstract form [15]; briefly, 
71 patients were enrolled in this study, 48% of 
the patients were in FC II, and 24% were studied 
on macitentan monotherapy, while the balance of 
patients received macitentan in combination with 
a PDEV inhibitor. While the abstract remains 
silent on the effect of macitentan treatment on the 
PA pressure, the primary endpoint of the study—
an improvement of the right ventricular stroke 
volume (RVSV)—was met; for the entire study 
cohort, macitentan treatment increased the RVSV 
by 10.5% and RVEF by 10.6%. There was a 
reduction in the RV mass of 10.5%. The conser-
vative interpretation of this first cMRI endpoint 
study is that the endothelin receptor blocker 
reduced the PVR which resulted over the treat-
ment period in a moderate improvement of the 
RV function.

Riociguat is a soluble guanylate cyclase (GC) 
stimulator that has been approved for the treat-

ment of inoperable thromboembolic disease- 
associated PAH [16, 17]. Several studies have 
showed that riociguat reduces the PA pressure 
and subsequently improves RV function [18]. 
The authors of one study of patients with PAH 
and PAH associated with chronic embolic disease 
suggest that riociguat improves RV contractile 
function, as evidenced by a decreased RV global 
longitudinal strain [19]. However measurements 
of cardiac contractility in piglets after acute 
administration of riociguat did not show increased 
contractility [20], while several preclinical stud-
ies support reduction of RV fibrosis after chronic 
riociguat treatment evaluated in PAB models and 
in a transaortic constriction mouse model [21]. 
One study in PAB mice showed that the GC stim-
ulator Bay 41-2272 failed to prevent RV hyper-
trophy and also the development of RV failure 
[22]. Taken together, these data show that rio-
ciguat can reduce the PA pressure in patients with 
CTEPH to the degree that there is a recovery of 
RV function [23, 24], while the preclinical data in 
the aggregate are not strong in support of a direct 
RV contractility improving action.

Selexipag is an oral prostacyclin receptor ago-
nist that acts as a vasodilator which is not specific 
for the lung circulation; systemic hypotension 
and headaches are dose limiting. The GRYPHON 
trial with the enrollment of 1156 patients, ran-
domized 1:1 to placebo or selexipag, was the 
largest PAH cohort trial with the primary end-
point of all-cause death, hospitalization, trans-
plantation, or worsening of PAH [25]. In this 
large cohort study (376 patients on ETR blocker 
and PDEV inhibitors), selexipag did not affect 
the overall mortality but had an effect on clinical 
worsening. The hemodynamic changes reported 
in the first proof-of-concept study of 43 patients 
[26] were modest: after 17 weeks of treatment the 
CI was 2.7 when compared to 2.3 in the placebo 
group and the mean PA pressure was 53 when 
compared with 46 mmHg in the placebo group. 
No study so far has addressed the question 
whether selexipag improves RV function [27, 
28]. Examining the effect of the active selexipag 
metabolite in the Sugen/chronic hypoxia rat 
model of severe pulmonary arterial hypertension, 
Honda et al. [29] reported a profound reduction 
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in the PA pressure, pulmonary vascular lumen 
obliteration, RV hypertrophy, and mortality. 
However, these results are based on a rather high 
drug dose of 30 mg/kg. This PGI2 receptor ago-
nist affected hemodynamics, vascular remodel-
ing, and RV hypertrophy displaying 
antihypertensive, antiproliferative, and anti- 
fibrotic actions. Whether such actions could 
modify the disease in human patients with severe 
PAH is unknown. Antifibrotic effects of the active 
selexipag metabolite have also been recently doc-
umented in in vitro studies [30].

 Myocardial Capillaries and Fibrosis 
in Right Ventricular Failure

Alterations in the tissue of the failing right ven-
tricle are found on the subcellular organelle level, 
and on the cellular and tissue level, and gene and 
protein expressions are reflective of these mor-
phological changes. The energy metabolism is 
altered; there is evidence of inflammation and 
evidence for an oxidant/antioxidant imbalance 
[2]. While we do not yet understand the root 
cause of these alterations and imbalances, it is 
perhaps somewhat intuitive that capillary loss 
and myocardial fibrosis can be a consequence of 
impaired energy metabolism and oxidant stress—
and that re-capillarization, improvement of endo-
thelial cell function, and reversal of myocardial 
fibrosis could be strategic targets in the service of 
the overall goal of preserving the function of the 
pressure-overloaded RV [2]. One hypothesis of 
potentially reversible RV failure is that either a 
microvascular myocardial angiopathy coexists 
with myocardial fibrosis or a scarring of the tis-
sue occurs because of the reduced tissue perfu-
sion. Again, if we believe that it is important to 
explore these potentially important pathobiologi-
cal connections, we need to develop techniques 
which allow us to characterize the quantity and 
quality of RV microvessels and/or techniques 
which assess impaired perfusion of the RV myo-
cardial capillaries in vivo. We can call this tech-
nique perhaps “microvascular angiography” and 
“functional assessment of the RV microvascular 
endothelium.”

As in the lung, the myocardial capillary endo-
thelial cells represent a metabolically active sur-
face area, and impaired myocardial endothelial 
metabolism conceptually should lead us to trac-
ers which can give a quantitative readout of func-
tion and impairment.

One example, and the first step in such a direc-
tion, is experiments which have assessed the 
effects of carvedilol treatment in the Sugen/
chronic hypoxia model of severe PAH [31]; see 
below. While the Sugen/chronic hypoxia rat 
model is characterized by capillary rarefaction of 
the RV and RV myocardial fibrosis, carvedilol 
treatment of rats with established severe PAH 
reversed capillary rarefaction and RV fibrosis. 
Because in this model carvedilol treatment did 
not cause a significant reduction in the RV after-
load—mainly due to a failure of de-remodeling 
of the obliterated pulmonary vessels [31]—we 
can interpret the reversal of RV myocardial capil-
lary rarefaction as a direct action of carvedilol. 
Indeed, follow-up studies with normal rats have 
documented that carvedilol induced the expres-
sion of a number of genes encoding proteins 
involved in angiogenesis (Fig.  21.2). Whether 
carvedilol can have such a pro-angiogenic effect 
on the RV of patients with chronic severe PAH is 
unknown.

A second example is studies conducted with 
rats subjected to the Sugen/chronic hypoxia pro-
tocol in order to generate severe PAH and exam-
ine the effect of inhaled stable prostacyclin 
analogue iloprost on the pathological alterations 
of the pressure-overloaded RV [32]. In these 
experiments it was shown that inhaled iloprost 
reversed RV fibrosis, but not capillary 
rarefaction.

Recently, Paul Schumacker and his group 
investigated in the chronic hypoxic mouse model 
of mild PAH the effects of cardiomyocyte HIF- 
1alpha and HIF-2alpha knockout and found that 
the knockout enhanced the RV hypertrophy 
induced by hypoxia, but the authors concluded 
that the loss of myocardial HIF did not cause a 
deterioration of RV function [33]. Yet, we need to 
point out that the knockout did not affect the 
myocardial endothelial cells and the authors did 
not examine RV microvessels. In the Sugen/
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chronic hypoxia model of severe PAH the capil-
lary rarefaction of the RV myocardium is associ-
ated with a decreased expression of HIF-1alpha 
and RV failure [34]. Here we have emphasized 
the concept that RV function or failure in the 
presence of a chronic afterload and increased RV 
wall stress may depend on the myocardial capil-
larization and function of its endothelium.

Multiple interactions between the neurohor-
monal system and inflammation synergistically 
promote right-heart failure. As the overworked 
failing heart is damaged by sustained adrenergic 
stimulation, it evades this stimulation through 
phosphorylation of the adrenergic receptors by 
protein kinases A and C, which results in the 
desensitization of the receptors [35]. Subsequent 
to agonist binding, activated β-adrenergic recep-
tors (βAR) are phosphorylated by G protein- 
coupled βAR kinases (BARK) leading to 
recruitment of β-arrestins with subsequent recep-
tor internalization and ultimately desensitization. 
Indeed, heart failure is associated with increased 
BARK levels [36]. In right ventricular failure, the 
number of β1AR was reduced and tissue norepi-
nephrine was depleted in the affected right ven-

tricle [37] and the βAR density was reduced in 
PAH and this was associated with worse right 
ventricular function [38].

Heart rate reduction in animal models of pul-
monary hypertension, and in the PAB model of 
RV stress, independent of beta-adrenergic recep-
tor blockade has been shown to improve RV 
fibrosis [35]. Both carvedilol and ivabradine 
reduce heart rate in models of PAH, but it does 
not necessarily follow that the effect of ivabradine 
treatment (10 mg/kg/day) on the RV in the Sugen/
chronic hypoxia and PAB rat models—the reduc-
tion of TGF beta-dependent fibrosis—was due to 
heart rate reduction, or that the carvedilol effects 
on the RV [36] (see above) can be explained by 
heart rate reduction.

Improved endothelial cell function and 
increased myocardial perfusion as a consequence 
of ivabradine have been reported [37–40].

Several preclinical studies showed favorable 
effects of β-blocker therapy; for example treat-
ment with the selective β-blockers bisoprolol and 
carvedilol improved RHF as well as reduced RV 
inflammation in experimental PH, possibly by 
reducing the heart rate and RV wall stress [31, 39]. 
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The β-blocker carvedilol is a β-arrestin- biased 
βAR ligand that preferentially activates β-arrestin-
mediated pathways while having inverse agonism 
towards Gαs signaling [40]. Carvedilol treatment 
was associated with directional changes in gene 
expression controlling RV hypertrophy and RVF 
in the SuHx model [41]; see Fig. 21.2. By con-
trast, clinical reports showed no overall clinical 
benefit of β-blockers in PAH [39–42]. To under-
stand this discrepancy, the effect of β-blocker 
therapy in RV sympathetic activity was studied 
using [11C]-hydroxyephedrine, a norepinephrine 
analogue tracer, in positron-emission tomography 
scanning, to determine the sympathetic innerva-
tion of the RV [42]. No alterations in  local RV 
sympathetic activity or RV function in patients 
with PAH after bisoprolol treatment were 
observed [42]. As currently no clear demonstra-
tion of a favorable benefit-to-risk ratio is pro-
vided, the use of β-blockers is not recommended 
unless required by comorbidities (i.e., high blood 
pressure, coronary artery disease, or LHF) [43]. 
More data about the efficacy and safety of 
β-blocker treatment in left-sided heart disease PH 
are needed in addition to studies that evaluate the 
benefits of pulmonary artery and renal sympa-
thetic denervation as treatment against chronic 
sympathetic nerve activation in PAH.  Whether 
carvedilol can have a pro-angiogenic effect on the 
RV of patients with chronic severe PAH is 
unknown.

At last, the myocardial endothelial metabo-
lism is also affected by the iron status as this is 
essential for the myocardial oxygen supply. 
Increased inflammatory mediators such as cyto-
kines IL-1β, IL-6, and IL-22 have been impli-
cated to increase the expression of hepcidin, 
which is essential for iron metabolism. Iron defi-
ciency is common in patients with pulmonary 
arterial hypertension and is closely associated 
with poor survival and low exercise capacity 
[44]. Indeed, iron deficiency leads to deteriora-
tion of cardiac function [45], which is why sev-
eral interventional studies have evaluated whether 
iron supplements improve RV function. So far 
cardiac magnetic resonance imaging has not 
shown improvements in right ventricular (RV) 
function [46].

 Lessons Learned from Solving 
Hemodynamic Problems in Children 
with Congenital Cardiac 
Abnormalities

The pediatric experience gained from treating 
children of all ages with congenital heart diseases 
has led to the appreciation of the importance of 
the ventriculo-ventricular interactions (VVI), as 
they play a decisive role in the balance of cardio-
vascular function in health and disease [47, 48] 
(see also Chap. 4). Both sides of the heart are 
inextricably linked, morphologically through a 
shared ventricular septum, myofibers, and peri-
cardial space, and a shared circulation [49], func-
tionally through contraction relationships [50] 
and biologically because of age- and disease-
dependent cardiac degenerative as well as regen-
erative processes [51–53]. The adverse effects of 
inappropriate ventricular-ventricular interactions 
(VVI) in heart failure still seem to be frequently 
ignored. Surprisingly, the knowledge of these 
chamber interactions is rarely harnessed thera-
peutically (see also Chap. 20). Yet, the knowl-
edge and experience of the pediatric cardiologist 
provide an opportunity for the translation towards 
more generalized therapeutic concepts. They can 
be derived from the observation of the interac-
tions between the right and left heart in patients 
with the persistent pulmonary hypertension of 
the newborn (PPHN) or congenital heart defects 
other than the Eisenmenger syndrome (see also 
R. Berger, M. Douwes). It is acknowledged that 
the right ventricle (RV) can work adequately for 
decades under systemic pressure. For example, 
neonates born with a congenitally corrected 
transposition of the great arteries (ccTGA) can 
live seven decades with a right ventricle that sup-
plies the systemic circulation [54] especially 
when the subpulmonary left ventricle is inher-
ently banded by a balanced obstruction of right 
ventricular outflow tract (RVOTO). Newborns 
with a borderline left  ventricle (BLV) or the 
hypoplastic left-heart syndrome (HLHS) illus-
trate the relevance of a dominant or single right 
ventricle and the reliance on intra- and extracar-
diac communications [55]. It is apparent that a 
sufficient systemic cardiac output and an ade-
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quate oxygen supply can only be achieved when 
all cardiac structures are integrated through intra-
cardiac and arterial communications. These are 
responsible for balancing the pulmonary and sys-
temic circulation at similar vascular resistance 
levels. In addition, various congenital heart 
defects (CHD) show the importance of the “best 
preload.” An optimal or “best preload” avoids 
congestive heart failure and guarantees an ade-
quate cardiac output, and, in addition, leads in 
young patients to the growth or restoration of a 
moderately sized chamber [56, 57]. In extreme 
forms with duct-dependent systemic blood flow, 
the “best preload,” also via precapillary pulmo-
nary hypertension, supports the systemic circula-
tion through a right-left-shunting arterial duct 
[58–60]. It was no accident that the reverse Potts 
shunt was developed by pediatric cardiac sur-
geons and cardiologists experienced in complex 
CHD, which illustrates how the left and right 
sides of the heart work together [61]. An artifi-
cially created arterial communication (reverse 
Potts shunt) between the (left) pulmonary artery 
and the descending aorta, resulting in a right-to-
left shunt, continues to be valuable as a palliation 
for patients of all ages with various forms of pul-
monary arterial hypertension (PAH) (Fig. 21.3).

The catheter-based atrial septostomy (AS) 
was introduced by William Rashkind in the 
1960s [62]. Instead of generating an uncon-
trolled atrial septum serving the purpose of mix-
ing of oxygenated and deoxygenated blood on 
the atrial level for patients with advanced PAH 
[63–67], CpcPH [68–70] or isolated postcapil-

lary pulmonary hypertension (IpcPH) caused by 
heart failure with reduced LV-ejection fraction 
(HFrEF) requires a well-defined atrial communi-
cation with restrictive pathophysiology [71]. A 
restrictive ASD is defined by a residual pressure 
gradient across the atrial septum or by a hole-
septum ratio of less than 20% [72, 73]. The pro-
cedure can be surgically performed using a 
punched patch or by transcatheter techniques 
utilizing the Brockenbrough transseptal needle 
for atrial septum puncture followed by gradual 
balloon dilatation [66] as well as by device 
placement with a defined hole [62, 63]. For such 
a restrictive ASD there are two main indications 
in patients with PAH [66, 67]: children with 
PAH-related syncope and patients with acute or 
chronic right ventricular dysfunction with low 
systemic cardiac output and systemic vein con-
gestion. Syncope occurs in young children with 
a low right atrial pressure at rest, during a sudden 
and rapid increase of RV and PH pressures 
(mostly caused by a neurohumoral storm fol-
lowed by an acute low cardiac output) during a 
pulmonary hypertensive crisis [67]. The PH cri-
sis occurs in the setting of a strong, well-muscu-
larized right ventricle with a nearly competent 
tricuspid valve which acts suddenly against an 
extremely high pulmonary arterial resistance 
(Rp). A limited blood flow through the lungs 
with subsequent acute reduction of the LV pre-
load leads to symptoms of intermittent acute 
ischemia-related “epileptic- like” convulsions. In 
this setting a restrictive atrial communication 

Transcatheter Creation of:

Potts-Shunt with valved conduit
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Fig. 21.3 Creation of a 
restrictive atrial septum 
defect (rASD). 
Abbreviations: DAO 
descending aorta, L left, 
LPA left pulmonary 
artery, PAP pulmonary 
artery pressure, R right, 
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works on demand and avoids syncope and isch-
emic attacks.

These PH patients are different from adult 
patients suffering from a chronic low cardiac out-
put and systemic vein congestion diagnosed by a 
high right atrial pressure (RAP). Depending on 
the imbalanced right-to-left ventricular compli-
ance and the degree of tricuspid valve regurgita-
tion, the RAP subsequently increases, being 
higher than the left atrial pressure (LAP). The 
generation of an interatrial communication with a 
right-to-left shunt leads to a decompression of 
the RA and an increased LV preload, and thus to 
an ASD-associated Eisenmenger syndrome. 
Despite lower arterial oxygen saturation, sys-
temic oxygen transport will increase due to the 
increased cardiac output [67]. The creation of a 
restrictive ASD in patients with high RAP 
(>18 mmHg) must be done with caution [68]: in 
these patients already a 4 mm communication is 
sufficient to reduce the RAP significantly without 
inducing severe hypoxemia, while a larger shunt 
might be not tolerated due to severe hypoxemia 
and loss of a necessitating (best) right ventricular 
preload. Unfortunately, we lack randomized con-
trolled trials and the role of AS in PH is still 
unclear. But AS in severe PH represents a useful 
treatment strategy in selected cases. A restrictive 
ASD should be considered in patients in the 
stages of advanced NYHA class III and IV asso-
ciated with recurrent syncope or chronically low 
CO as a bridge to transplant [71].

In patients with left-heart-related CpcPH, or 
isolated postcapillary PH (IpcPH), congestion of 
left atrium and pulmonary veins is effectively 
treated by creation of a rASD and diuretics can 
be reduced or weaned [71, 72]. Left atrial con-
gestion and hypertension are different entities 
and the degree of the LAP is not directly linked to 
congestive symptoms. A chronic restrictive left 
ventricular physiology as observed in restrictive 
cardiomyopathy (RCM) with a LAP of 
25–30  mmHg is tolerated and not necessarily 
associated with pulmonary congestion at rest. 
Generating a rASD significantly reduces the 
atrial pressure and thus improves exercise capac-
ity and reduces the incidence of atrial tachyar-
rhythmias. Reducing the LA pressure decreases 

the LV end-diastolic pressure, which in turn 
improves endocardial capillary perfusion and 
systolic/diastolic function. In patients with 
CpcPH a rASD improves exercise performance, 
provided that an adequate, that is, still increased, 
preload is guaranteed. According to single-center 
experience [71, 73, 74], the decision regarding 
the choice of heart (HTX) versus heart-lung 
transplantation (HLTx) in patients with associ-
ated CpcPH and a NYHA functional class IV 
HFpEF (heart failure with preserved ejection 
fraction) should optimally not be made unless a 
rASD has been created prior to performing the 
diagnostic heart catheter study including reactiv-
ity proofing. A diastolic pressure gradient (PAP- 
diastolic—LAP) of empirically less than 7 mmHg 
in adults and 12 mmHg in young children, esti-
mated after creation of a rASD, favors HTX 
instead of a HLTx. This decision is independent 
of the level of the systolic pulmonary artery pres-
sure, especially in children and young adults.

In patients with advanced heart failure, HFrEF 
(heart failure with reduced ejection fraction) 
defined by an increased LAP and reduced LV-EF 
and associated with a low cardiac output at rest or 
exercise, a restrictive ASD palliates congestive 
symptoms of left heart disease, but also reduces 
the risk of PAH-associated syncope and RV fail-
ure, independent of the level of pulmonary hyper-
tension. A rASD can be created with low risk, and 
low mortality from infancy to advanced adulthood 
[71, 73, 74]. The efficacy of a rASD is demon-
strable by an immediate and long-lasting improve-
ment of the clinical functional class. The technique 
of gradual balloon dilatation has the advantage of 
subsequent adaption by gradually increasing the 
communication, if necessary. However, there is 
the disadvantage that the created atrial fenestra-
tion without a defined device might require repeti-
tive interventions. In reported case series repetitive 
interventions became necessary in about 30% of 
transcatheter-treated patients.

 Reverse Potts Shunt

Generation of an arterial communication result-
ing in a right-to-left shunt, the reverse Potts shunt 
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[75], is a novel surgical approach for palliating 
children with severe (idiopathic) pulmonary arte-
rial hypertension and supra-systemic PH [61]. 
This procedure is a reasonable alternative strat-
egy and an alternative to lung transplantation 
[76]. The reverse Potts shunt establishes a con-
nection between the (left) pulmonary artery and 
the descending aorta allowing a right-to-left 
shunt which corresponds to patients with a patent 
ductus arteriosus-related Eisenmenger syndrome. 
Ideally, a reverse Potts shunt provides highly 
oxygenated blood for the perfusion of coronary 
arteries and the central nervous system and only 
a partially desaturated blood for the lower body. 
The risk of paradoxical embolisms is lower com-
pared to a right-left shunt on the atrial level. In 
addition, the hemodynamic improvement because 
of the unloading of the RV pressure with a subse-
quent reduction of the ventricular septum shift 
from the right to left ventricle also improves the 
systolic and diastolic performance of the left 
heart [77]. The diameter of the interarterial com-
munication has to be chosen in order to balance 
an improved systemic blood flow, but not at the 
expense of a sufficient pulmonary blood flow. In 
the absence of an atrial right-to-left shunt, a still 
properly filled left atrium correlates with a suffi-
cient amount of oxygenated blood. The connec-
tion between the pulmonary artery and the 
descending aorta can be achieved surgically 
either by a direct side-by-side anastomosis or by 
using a synthetic graft tube/prosthesis [61, 76, 
78] or by transcatheter techniques [79–81]. The 
size of the interarterial communication depends 
on the pathophysiological condition of the under-
lying disease and the type of connection, but in 
particular on the diameter of the descending 
aorta. Several modifications of the procedure 
have been recently published with the goal to 
reduce perioperative morbidity and mortality due 
to open-chest surgery [81, 82]. A further step 
towards a higher acceptance of establishing a 
Potts shunt physiology is the implementation of a 
unidirectional valved Potts anastomosis [83, 84].

Reversed Potts shunt placement has also been 
reported in patients with left-heart disease with 
severe and fixed PH [78]. The pathophysiology 
of those patients is different when compared with 

patients with PAH in which a Potts shunt is indi-
cated. Patients with CpcPH benefit by the combi-
nation of a left-to-right shunting-restrictive ASD 
together with an arterial right-left shunt. The 
pathophysiology of the left-to-right shunt on the 
atrial level combined to right-to-left shunting 
arterial duct is similar to neonates with hypoplas-
tic left-heart syndrome treated with a hybrid 
approach [58]. The atrial left-to-right shunt pre-
vents severe deoxygenation of the lower body. 
Some patients treated in Giessen have survived 
for almost 10  years without any further 
complications.

 Lessons Learned: Age- and Disease- 
Related RV Function

As pointed out above, the exact mechanisms 
leading to failure versus adaptation to right ven-
tricular load and stress are still not fully under-
stood [85]. In recent years it became evident that 
there is no such thing as THE right ventricle and 
it is also clear that even large cohort therapeutic 
studies will not address the situation of the indi-
vidual patient. Personalized diagnostic 
approaches and therapy strategies that take into 
account age, phenotype, and genotype need to be 
developed. As myocardial biopsies are not popu-
lar for the assessment of the right ventricle in 
PAH patients, less invasive options need to be 
considered.

Yet, biopsy-based single-nuclei sequencing 
(snRNA-seq) of heart tissue could identify cellu-
lar gene expression signatures [86]. Only recently 
it was shown in pediatric DCM patients [87] that 
the cardiac cellular transcriptomes display 
remarkable age-dependent changes in the expres-
sion patterns of fibroblast and cardiomyocyte 
genes with less fibrotic and pro-regenerative sig-
natures in infants. Genes coding for fibroblast 
activity and fibrillar collagens were more highly 
expressed in older children. In addition, the 
expression of genes in control of adrenergic 
 signaling differed by age and disease allowing 
individualized drug (beta-adrenergic receptor 
blocker) therapy [87]. Recent studies [88] showed 
that human induced pluripotent stem cells 
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(iPSCs) derived from patients with HLHS (single 
RV, in systemic position) are associated with 
impaired cardiac differentiation and intrinsic car-
diomyocyte abnormalities, characterized by 
decreased contraction force and acceleration. 
Single-cell RNA sequencing unveiled downregu-
lated expression of genes involved in mitochon-
drial function and metabolism. In addition, three 
sets of genes have been identified as molecular 
coordinators in heart failure. One of the findings 
confirmed decreased mitochondrial respiration 
and oxidative metabolism, reflected in a signifi-
cantly reduced oxygen consumption rate in iPSC- 
CMs from HLHS with failed RV. Cells maintained 
in a medium with high fatty acid content improved 
contractility, and a drug such as istaroxime which 
acts by inhibiting Na+/K+-adenosine triphospha-
tase and stimulating the calcium ATPase isoform 
2 of the sarco/endoplasmic reticulum, compara-
ble to digoxin but with less narrow therapeutic- 
toxic window [88]. The importance to assess the 
quality of the heart tissue was further underlined 
by a study of Liu et al., where the beta-adrenergic 
receptor-controlled cytokinesis suggests a mech-
anism for regulating cardiomyocyte behavior 
[89]. Myocardial biopsies obtained from young 
children with tetralogy of Fallot (ToF) presenting 
with a hypertrophied right ventricle had signifi-
cantly greater number of right ventricular cardio-
myocytes with bi- or multi-nucleation. Katherine 
Yutzey summarized the clinical implications of 
these findings [90]. Independent of the high num-
bers of bi- or multiple-nucleated cells, animal 
studies indicated that the protein Ect2 (epithelial 
cell transforming 2, a regulator of intracellular 
signaling with effects on structural proteins 
important in cytoplasmic adhesion and motility) 
expression might be decreased in the cardiomyo-
cytes from infants with ToF compared to control 
cardiomyocytes. Liu et  al. [89] showed that 
inhibiting beta-adrenergic receptor signaling by 
using the nonselective β-blockers propranolol/
alprenolol increased Ect2 levels and promoted 
cytokinesis of cardiomyocytes with a subsequent 
increase of the numbers of cardiomyocytes. 
Considering that ß-blockers are often used for the 
treatment of heart failure (see above), the research 
data underline the need for a differentiated ther-

apy based on molecular knowledge. It also 
appears that the endogenous stem cell capacity- 
dependent cardiac regenerative potentials of 
infants with congenital diseases—when com-
pared with acquired DCM—differ fundamen-
tally. Beyond 1 year of age there was a marked 
reduction or absence of cardiac stem cell content 
[51], in particular in HLHS and DCM patients.

Additionally, the right ventricle in infants with 
HLHS exhibits a depleted stem cell number when 
compared with the hypoplastic left ventricle [51]. 
In this context, it has been shown that infants 
with HLHS benefit from exogenous stem cell 
therapy [58], while in young DCM patients the 
high endogenous regenerative capacity might be 
taken advantage of by applying stress and induc-
tion and protective medication [91–93]. These 
novel insights shed light on age-, disease-, and 
clinical functional class-related cellular and sub-
cellular differences which may support the con-
cept of a failure-prone and failure-resistant RV 
and the concept of a “responder to treatment” RV 
phenotype [94].

 Conclusions and Outlook

The pathophysiology of RVF involves a complex 
interplay of neurohormonal activation, inflamma-
tion, apoptosis, insufficient coronary perfusion, 
and a variable degree of fibrosis and hypertrophy 
[95]. Reduced RV contractile function is associ-
ated with the activation of several inflammatory 
cascades. As all types of PAH are associated with 
increased circulating levels of cytokines that are 
known to give rise to cardiac fibrosis and remod-
eling, cardiac contractility will become further 
impaired (Fig. 21.4). The current management of 
RHF includes preload optimization and augmen-
tation of contractility through optimization of the 
iron status and reduction of inflammation. 
However, we are still falling short of our goal to 
effectively treat RHF.

A recent review by Carlos Lopez-Otin and 
Guido Kroemer provides a novel concept of 
healthy organ function, as a compendium of 
organizational and dynamic features that main-
tain physiology [96]. Integrity of barriers and 
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containment of local perturbations, maintenance 
of homeostasis over time, and an array of ade-
quate responses to stress, the so-called homeo-
static resilience, are features of normal healthy 
organ function. Beyond the genetic background 
and specific gene mutations in PAH patients, 
other factors such as exogenous exposure to 
drugs and toxins, inflammation, hormones, and 
aging are all factors that influence repair and 
regeneration capacities of the heart. Mechanic, 
chemical, or physical trauma causes permanent 
loss of functional units and surpasses the capac-
ity of the organ to repair the damage. In light of 
this concept, RHF becomes a problem that is 
based on damage and dysfunction of mitochon-
dria, impaired proteostasis, impaired endothelial 
cell function, and deranged cell metabolism—all 
amplified by a neurohormonal overdrive. In addi-
tion, repair and regeneration mechanisms are not 
working as the heart is also receiving the “bad 
humor” released by a “sick lung circulation” [1]. 
Such a view puts the failing heart in the center of 
a system of multiple altered feed-forward and 
feedback loops resulting in a vicious cycle of 
mutually amplifying injuries. This leads to the 
conclusion that a strategy directly and highly 
focused on the right ventricle will likely fail. As 
pointed out above, homeostatic resilience cannot 

be achieved when adaptive responses to the per-
sistent stress of a high afterload, inflammation, 
and inadequate myocardial perfusion are 
impaired or lost.

Lopez-Otin and Kroemer point us in a differ-
ent direction—which gets us to our starting point: 
the patient with severe PAH remaining for a long 
time in functional class I.

We need to learn from these patients. 
Longitudinal and multi-omics profiling of these 
individuals can now be done. We hypothesize 
that the “liquid biopsy,” the blood proteome of 
the patients endowed with a resilient right ven-
tricle, will provide the answers. By investigating 
the healthy RV of the pulmonary hypertensive 
patient we will arrive at a better understanding of 
the “medicine of disease.”

Table 21.1 covers research priorities.

Inflammatory cells and
mediators from the sick

lung circulation

RV failure
+++

Increased afterload

Activation of
neurohormonal

systemPulmonary vascular
remodeling

Fig. 21.4 The vicious 
circle of multiple 
mediators released from 
the sick lung circulation 
(inflammation, cells, 
vesicles, free DNA) that 
can lead to RV failure. 
RV failure itself further 
amplifies inflammation 
and leads to 
neurohormonal 
overdrive

Table 21.1 Research priorities: the low-hanging fruits

1. To investigate the PAH patients remaining stable in 
NYHA FC I
2. To investigate whether there is a role for anti- 
fibrotic and anti-inflammatory agents
3. To develop drug-targeting strategies
4. To determine the “best RV preload”
5. To develop methods to assess the RV 
microcirculation and its endothelial cell functions
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