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Preface

The diagnosis of endocarditis has evolved substantially over the years, and there 
are many reasons for this. Advances in medical imaging technologies, including 
echocardiography, computed tomography (CT), and magnetic resonance imaging 
(MRI) combined with greater utilization of these modalities for the serial diagnosis 
and management of patients have allowed for improved diagnosis and understand-
ing of various disease conditions. In addition, greater awareness of the problem, 
especially some of the contributing risk factors such as implantable cardiac devices, 
intravenous drug/substance abuse, and more advanced chronically ill and immuno-
suppressed patients, has contributed to a significant increase in the overall incidence 
of infections involving heart valves and other cardiac structures.

While the diagnosis of endocarditis has remained somewhat consistent over the 
years, the tools used to evaluate and manage patients have become more widely 
available, more accurate, and more precise. Because of the increased utilization of 
advanced imaging technologies on patients at all stages of life, many more patients 
are being diagnosed with potential infectious complications of their cardiac struc-
tures. This has resulted in a growing incidence of unusual, complex, and poorly 
understood problems, all of which are discussed in this book.

It is also becoming clear that the global increase in substance abuse, especially 
intravenous drugs and the use of ‘dirty’ needles or ‘contaminated’ drugs, has 
also increased the incidence of infectious problems. While the ethical implications 
of managing patients with long-standing substance abuse have been previously 
discussed, various chapters in this book address some of the practical aspects 
of management of infectious complications associated with ‘right-sided problems. 
Historically, the established international guidelines have focused on the management 
of ‘left-sided disease, namely, involving the aortic and/or mitral valves. However, 
with the increased incidence of ‘right-sided pathology, mainly the tricuspid valve and 
less commonly the pulmonic valve, the technical aspects of management continued 
to evolve. Likewise, decision-making regarding indications, medical therapy, and 
goals of care continue to evolve and become incorporated into professional society 
guidelines.

With the growing understanding of the incidence, risk factors, management, and 
overall pathophysiology of endocarditis, there is also the increasing recognition 
of a potential impact on a broader range of the patient population. For example, 
with advanced in-cancer therapies and the potential impact on the heart, there 
is also growing interest in the potential role that oncologic treatment has on the 
heart, either as a primary impact or a secondary process, such as an increased risk 
for structural abnormalities including infectious endocarditis, and the ability to 
distinguish between normal, abnormal, and abnormal from infectious complica-
tions versus non-infectious complications. Chapters in this text lend some insights 
and guidance into these evolving multi-disciplinary areas of cardio-oncologic care.

While the topic of endocarditis is extensive and a comprehensive review is far 
beyond the scope of a single project, it is the goal of this text to highlight some 
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evolving areas in both the diagnosis and management of infectious complications. 
Even though the focus is on the pathophysiology of endocarditis, it is also impor-
tant to recognize that the same advanced diagnostic tools that are being used to 
identify various pathologic states are also being more widely utilized to better help 
understand the natural history and evolution from normal structure and function 
to a pathologic disease state. In other words, a primary goal of this text is to provide 
some greater insights into the rapidly evolving themes regarding the diagnosis and 
management of endocarditis with the recognition that to understand abnormal 
appropriately, we also must be proficient in our understanding of normal.

The editors greatly appreciate the authors for their hard work and thoughtful 
contributions.

Michael S. Firstenberg
St. Elizabeth Medical Center,

Appleton, Wisconsin, USA

Umashankar Lakshmanadoss MD, FACC, FHRS, CCCDS
Mercy Heart Institute,

Cincinnati, OH, USA
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Chapter 1

Introductory Chapter: 
Endocarditis
Michael S. Firstenberg

1. Introduction

Endocarditis a very complex and diverse set of problems and can include 
infectious and non-infectious diseases of the heart. The spectrum of problems 
includes vegetations on valves, fistulas and abscess cavities, and infections that 
develop on prosthetic materials such as pacemaker and defibrillator leads, pros-
thetic valves, intra-cardiac catheters, heart pumps, and any other type of intra-
cardiac foreign material. The diagnosis and management of these problems can 
be quite challenging and will typically require an integrated multi-disciplinary 
team. Nevertheless, with advances in the therapies that are being offered to older 
and sicker patients, offset by advances in both the medical and surgical manage-
ment of infectious cardiac problems, the number of cases continue to grow with 
still major risks for morbidity and mortality. In addition, the global concerns 
for substance abuse and the risks for the use of contaminated needles has led to 
a significant increase in associated infectious complications. Without a doubt, 
endocarditis in the setting of substance abuse is not only a significant medical 
and surgical problem – but a difficult social problem as well. The financial and 
ethical implications of endocarditis further highlight the emphasis of a team-
based approach to the diagnosis and management.

Unfortunately, even minor invasive procedures have been shown to increase 
to risk of infections of native or prosthetic valves [1]. Typically, endocarditis was 
associated with blood-stream infections in the setting of dental procedures, but it 
is becoming more recognized that even minor procedures, such as gastrointestinal 
endoscopy, can increase risk for cardiac infections and might prompt a broader 
reevaluation of the role of prophylactic antibiotics prior to such procedures. 
Evidence, especially in higher-risk patients such as those with bicuspid aortic valves 
and mitral valve prolapse, is suggesting that the risk for bloodstream infection 
might be greater than historically believed [2].

The growing incidence of endocarditis also parallels the growing social 
problems of modern society as is seen in the evolving epidemiology of patients 
presenting with infections of their heart, heart valves, and intra-cardiac devices 
and structures. As mentioned, the global drug abuse epidemic – combined with 
the increasing utilization of cardiac procedures in older and sicker patients with 
advanced co-morbidities, reflects the need for a more wide-spread recognition of 
this problem. Fortunately, advances in diagnostic –especially imaging technology 
and microbiology serology testing – and surgical techniques can improve outcomes 
in those who present with even advanced disease. As such, the goal of this book is to 
emphasize and review some of the evolving concepts in the diagnosis, presentation, 
epidemiology, and management options of endocarditis.

XIV



1

Chapter 1

Introductory Chapter: 
Endocarditis
Michael S. Firstenberg

1. Introduction

Endocarditis a very complex and diverse set of problems and can include 
infectious and non-infectious diseases of the heart. The spectrum of problems 
includes vegetations on valves, fistulas and abscess cavities, and infections that 
develop on prosthetic materials such as pacemaker and defibrillator leads, pros-
thetic valves, intra-cardiac catheters, heart pumps, and any other type of intra-
cardiac foreign material. The diagnosis and management of these problems can 
be quite challenging and will typically require an integrated multi-disciplinary 
team. Nevertheless, with advances in the therapies that are being offered to older 
and sicker patients, offset by advances in both the medical and surgical manage-
ment of infectious cardiac problems, the number of cases continue to grow with 
still major risks for morbidity and mortality. In addition, the global concerns 
for substance abuse and the risks for the use of contaminated needles has led to 
a significant increase in associated infectious complications. Without a doubt, 
endocarditis in the setting of substance abuse is not only a significant medical 
and surgical problem – but a difficult social problem as well. The financial and 
ethical implications of endocarditis further highlight the emphasis of a team-
based approach to the diagnosis and management.

Unfortunately, even minor invasive procedures have been shown to increase 
to risk of infections of native or prosthetic valves [1]. Typically, endocarditis was 
associated with blood-stream infections in the setting of dental procedures, but it 
is becoming more recognized that even minor procedures, such as gastrointestinal 
endoscopy, can increase risk for cardiac infections and might prompt a broader 
reevaluation of the role of prophylactic antibiotics prior to such procedures. 
Evidence, especially in higher-risk patients such as those with bicuspid aortic valves 
and mitral valve prolapse, is suggesting that the risk for bloodstream infection 
might be greater than historically believed [2].

The growing incidence of endocarditis also parallels the growing social 
problems of modern society as is seen in the evolving epidemiology of patients 
presenting with infections of their heart, heart valves, and intra-cardiac devices 
and structures. As mentioned, the global drug abuse epidemic – combined with 
the increasing utilization of cardiac procedures in older and sicker patients with 
advanced co-morbidities, reflects the need for a more wide-spread recognition of 
this problem. Fortunately, advances in diagnostic –especially imaging technology 
and microbiology serology testing – and surgical techniques can improve outcomes 
in those who present with even advanced disease. As such, the goal of this book is to 
emphasize and review some of the evolving concepts in the diagnosis, presentation, 
epidemiology, and management options of endocarditis.



Advanced Concepts in Endocarditis - 2021

2

2. Epidemiology

As discussed above, the areas of greatest focus are currently the implications of 
the global intravenous drug abuse (IVDA) epidemic and the growing utilization 
of cardiac implantable devices (CID). Both of these very different set of problems 
has each contributed to a substantial increase in the incidence of endocarditis 
and, particularly, involving right-sided cardiac structures such as the tricuspid 
valve. While there is extensive literature and guidelines for the diagnosis and 
management of left-sided disease (i.e. aortic and/or mitral valves), the literature 
for the diagnosis and treatment of right-sided disease is still evolving and will 
reviewed in several of the chapters of this text. It is not just the medical difficul-
ties in the management of IVDA associated endocarditis that continues to be a 
problem, but the social and ethical implications for re-infections in patients who 
continue to abuse drugs or fail to pursue appropriate definitive therapy [3, 4]. The 
recognition of this growing problem is only slowly being better understood [5]. In 
addition, as mentioned, with the growing utilization of advanced cardiac thera-
pies and implants, there is also a growing risk and incidence of device-related 
infectious complications [6, 7]. Unfortunately, the increasing use of such devices 
is expanding at a rate that is exceeding the healthcare systems ability to better 
understand how to prevent, diagnosis, and treat such device related infections 
[8–10]. However, with the development and expansion of “Heart Team” to better 
guide therapies and management, there exist increasing opportunities to improve 
outcomes by incorporating a team-based approach to the management of these 
very difficult problems.

3. Diagnosis

Positive blood cultures are the sine quo non in establishing a diagnosis of endo-
carditis. In addition, the original Dukes Criteria has been used for many years to 
further help make the diagnosis [11]. Advances in ultrasound imaging has shown 
to be extremely useful in the management of patients and guiding therapy [12]. 
Transthoracic and transesophageal imaging are considered first-line tests to evalu-
ate for suspected endocarditis. Current major international society guidelines 
and appropriateness criteria support their liberal use [2, 12] – the role of other 
modalities, such as 3D echocardiography, computed tomography (CT), magnetic 
resonance imaging, and positron-emission tomography (PET) continues to expand 
[13, 14]. Nevertheless, such diagnostic tools should be readily available and aggres-
sively used, including non-cardiac imaging of the neuro-axis and body structures, 
to ensure the scope of what is typically a systemic problem is completely defined. 
Furthermore, any change in the clinical picture or concerns for disease progression 
or failure of medical therapies should prompt a timely reassessment with repeat 
imaging.

4. Therapy

Without a doubt the cornerstone to early managed is focused on targeted 
antibiotic therapies, diagnosis of the primary problem, evaluation for secondary 
complications (such as embolic complications, like stroke), and engagement of a 
multi-disciplinary team of physicians and healthcare providers, who, by defini-
tion have both an interest and expertise in endocarditis to help define a treatment 
plan. As with any treatment plan, the recipe for success must consider if and when 
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surgery should be performed (and which operation – not an easy decision process) 
and how some of the contributing co-morbidities can be attenuated to minimize the 
risks for recurrence. While it is easy to focus on the initial diagnosis and managed, 
often an index hospitalization, long-term success requires close follow-up to moni-
tor for compliance to optimize the opportunity an overall successful treatment plan. 
Because of the challenges of many of the socio-economic problems that patients 
with endocarditis often face, and are addressed in some of the chapters of this text, 
full engagement by the entire healthcare team will need to make sure that any and 
all obstacles to treatment success are removed, if possible. An extensive medical 
and surgical plan that does not consider the socio-economic variables that are often 
unique to each patient are probably at risk for treatment failure.

One of the most important decisions in the management of endocarditis is 
determining the role of surgery – and not just if surgery should be performed, 
but when, what operation, choices of valves, risks for complications, barriers to 
follow-up (i.e. need for life-long anticoagulation if mechanical valves are used), 
and maybe even where and by whom. Such decision making cannot and should not 
be performed in the vacuum of specific guidelines and indications for surgery but 
also must consider the entire evolving clinical picture. Regardless of the direction of 
the care plan, recognition of the impact on timing of therapies is of critical impor-
tance. As with most medical problems, delays in therapy might make the problem 
worse and hence require not just a broad understanding of the evolving literature 
regarding the timing of surgery, but the importance of timely evaluation of prob-
lems, regardless of how trivial they may appear and constant re-assessment of the 
treatment plan to ensure the original plan is working as planned as does not need to 
be revised [15–18].

A common theme in many of these chapters is the decision-making process 
and role for surgery. A point that requires further emphasis is the role for early 
surgery and how this concept needs to cage every aspect of a larger treatment plan, 
specifically [19]:

1. Early surgery is recommended in patients with highly-resistant organisms and, 
in particular, fungal infections.

2. Worsening heart failure (especially acute) due to valvular dysfunction.

3. New or worsening cardiac complications – such as root abscesses, fistulas, 
heart block, and evidence of new/worsening annular involvement.

4. Surgery is indicated with failure of medical therapy, such as persistent bac-
teremia or septic symptoms (fever, tachycardia) greater than 5–7 days in the 
absence of another causes in the setting of targeted antibiotic management.

5. Growing vegetations despite appropriate antibiotic therapy – especially with 
evidence of recurrent embolic complications.

6. Large and/or mobile vegetations (>1 cm) and/or with severe valve regurgita-
tion – even in the absence of heart failure signs and symptoms.

Unfortunately, such decision-making and indications often mandates surgery in 
less than optimal conditions – such as patients who are still actively infected, have 
sustained recent systemic or cerebral embolic complications, or are risk for long-
term reinfection due to compliance or concerns of co-existing and incompletely 
addressed or defined comorbidities. Such is the realities of this disease process 
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1. Early surgery is recommended in patients with highly-resistant organisms and, 
in particular, fungal infections.

2. Worsening heart failure (especially acute) due to valvular dysfunction.

3. New or worsening cardiac complications – such as root abscesses, fistulas, 
heart block, and evidence of new/worsening annular involvement.

4. Surgery is indicated with failure of medical therapy, such as persistent bac-
teremia or septic symptoms (fever, tachycardia) greater than 5–7 days in the 
absence of another causes in the setting of targeted antibiotic management.

5. Growing vegetations despite appropriate antibiotic therapy – especially with 
evidence of recurrent embolic complications.

6. Large and/or mobile vegetations (>1 cm) and/or with severe valve regurgita-
tion – even in the absence of heart failure signs and symptoms.

Unfortunately, such decision-making and indications often mandates surgery in 
less than optimal conditions – such as patients who are still actively infected, have 
sustained recent systemic or cerebral embolic complications, or are risk for long-
term reinfection due to compliance or concerns of co-existing and incompletely 
addressed or defined comorbidities. Such is the realities of this disease process 
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and all providers must recognize that sometimes earlier intervention, even if in 
less-than-ideal surgical conditions, might be ultimately better for the patient in the 
long run.

Similar considerations are used to guide the management of prosthetic valve 
endocarditis [20]. Despite the challenges of re-operative surgery in a “septic” 
patient, it must be appreciated that medical therapies alone are rarely successful, 
the best opportunity for a cure often requires complete removal of all prosthetic 
material and replacement.

5. Social implications

The pandemic of intravenous drug abuse has resulted in a substantial increase 
in the incidence of endocarditis. There is at least a twofold increase in the number 
of heroin users from 2006 to 2013 [21]. The medical, social, and economic implica-
tions are obviously substantial. The role of infected needles, infected drugs, skin 
contamination, or some combination all contribute to the risk for endocarditis. 
Acute infections are further challenged by other substantial comorbidities, such 
as untreated Hepatitis B/C and the Human Immunodeficiency Virus (HIV) [22]. 
As a consequence of long-standing narcotic use/abuse, infected patients will often 
chronic pain syndromes and drug tolerance that can make symptom management 
difficult. In addition, mental health and personality disorders also challenge how 
these patients are treated – the mental and emotional fatigue placed upon the 
healthcare team can be substantial and might be used to influence the decision-
making process for an individual patient. It is critical to consider all of these 
co-variates in the context of decision-making, need for compliance, and potential 
long-term therapy implications. For example, while replacement with biologic 
valves may predispose to early structural degeneration and need for additional sur-
gery, their use might be a better longer-term strategy than subjecting a potentially 
non-compliant patient with untreated Hepatitis to life-long anticoagulation. In 
other words, even if the acute infectious problem is “cured”, many of the decisions 
regarding the management of endocarditis – including the re-infection prevention 
opportunities – reflect that endocarditis can often be viewed as a life-long problem 
[23]. The ethical considerations of both acute and chronic disease management, 
as discussed in this chapter on the ethics of recurrent drug use/abuse, clearly 
demonstrates that long-term success often is as much a function of the overall team 
approach to the problems (rarely is endocarditis a singular problem) including the 
contributing factors, such as substance abuse. The tragic reality, however, is that 
while the ethics of the social approach to endocarditis often plays a substantial role 
in the management of individual patients, the foundation for such biases might 
be inherently flawed. Furthermore, there must be an understanding that despite 
everything being “done right” many patients, as a function of incurable comorbidi-
ties, much like complications of advanced cancers, patients might still die with and 
from endocarditis.

6. Conclusions

Improvements in diagnostic tools and an increasing understanding of the scope 
of associated problems have led to an increase in the recognition and management 
complexity of infectious endocarditis. Challenging social problems, advanced 
co-morbidities, and complex infections emphasize the role for early and aggressive 
management by a well-integrated and comprehensive multi-disciplinary team. 
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Chapter 2

Echocardiographic Assessment 
of Myocardial Deformation 
during Exercise
Eric J. Stöhr and T. Jake Samuel

Abstract

The human heart is an asymmetrical structure that consists of oblique, circum-
ferential, and transmural fibers, as well as laminae and sheets. Sequential electrical 
activation of all the muscle fibers ultimately results in a coordinated contraction 
of the heart muscle also referred to as “deformation.” This is immediately followed 
by myocardial relaxation, when the preceding deformation is reversed, and the 
ventricles fill with blood. Given the complexity of these repetitive motions, it is 
not surprising that there is great diversity in the myocardial deformation between 
different individuals and between distinct populations. Exercise presents a natural 
challenge to determine the full capacity of an individual’s heart, and modern imag-
ing technologies allow for the non-invasive assessment of myocardial deformation 
during exercise. In this chapter, the most relevant anatomical basis for myocardial 
deformation is summarized and definitions of the most relevant parameters are 
provided. Then, the general cardiac responses to exercise are highlighted before the 
current knowledge on myocardial deformation during exercise is discussed. The 
literature clearly indicates that the echocardiographic evaluation of myocardial 
deformation during exercise holds great promise for the identification of sub-clinical 
disease. Future studies should aim to determine the mechanisms of differential 
expression of myocardial deformation during exercise in health and disease.
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1. Introduction

In recent years, technological advances in the field of echocardiography have 
allowed for a faster acquisition of images with an improved spatial and temporal reso-
lution. As part of these advances, the advent of speckle tracking imaging has resulted 
in an explosion of investigations into myocardial deformation, as evidenced by more 
than 5000 articles on PubMed, increasing exponentially since 2005 (https://pubmed.
ncbi.nlm.nih.gov/?term=speckle+tracking, accessed 7th of May 2020). The past two 
decades has also seen in a shift in “stress echocardiography” from being dominated 
by acute drug-based interventions to primarily exercise challenges. Therefore, this 
chapter focuses on the current knowledge related to myocardial deformation during 
acute exercise stress. Instead of just summarizing the current literature, a careful 
selection of articles is presented that is then used to provide the reader with a narrative 
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Chapter 2
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during Exercise
Eric J. Stöhr and T. Jake Samuel
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that highlights important general principles of cardiac physiology, including the 
responses to exercise. To achieve this aim, first a brief overview of the principles and 
mechanisms governing myocardial deformation will be provided summarised and the 
key terminology will be defined. Then, the general role of exercise stress testing will be 
discussed, before the benefits of obtaining myocardial deformation during exercise in 
health and disease will be reviewed.

2. Principles of myocardial deformation

During contraction of the heart, deformation of the whole muscle occurs in 
four quantifiable dimensions. In general, these have been identified as: longitudinal 
shortening (=longitudinal strain, %), circumferential shortening (circumferential 
strain, %), radial lengthening (=radial strain, %) and rotation (apical − basal 
rotation = net twist angle, degrees), as well as the diastolic reversal of all of these 
indices. In addition, the rate of systolic shortening and diastolic lengthening can 
be measured, which is referred to as strain rate, twisting rate, and untwisting rate. 
An important distinction must be made between myocardial deformation and pure 
“velocities”, which do not consider the relative shortening (contraction) or lengthen-
ing (relaxation) of heart muscle itself but only consider the linear displacement of 
single myocardial points. Although myocardial velocities can also be measured, they 
are not representative of the contraction and relaxation of heart muscle. For these 
reasons, parameters such as E’ (“E prime”), which typically represent myocardial 
velocities in a single location on the mitral annulus, are not discussed in this chapter.

The conventional categorizations of deformation into strain and twist are logical 
from a biophysics and bioengineering perspective, since deformation of the heart can 
indeed be detected in these distinct 2-dimensional echocardiographic imaging planes. 
However, as will be reviewed in the following section on the anatomy and electrical 
conductance, the structure of the heart is far from symmetrical and—to achieve the 
final coordination of all components with each heartbeat—important functional 
differences in the various regions within the heart are present. These intricate defor-
mational patterns can be conceptually simplified by considering the region-specific 
deformation in a 2-dimensional plane, allowing for easier evaluation of cardiac 
mechanics in both the laboratory and the clinic. However, one must consider the 3D 
deformation of the heart muscle, where the deformation of the four imaging planes 
occur simultaneously and with many of these aspects anatomically and functionally 
interwoven. This anatomical complexity is the focus of the next section.

2.1 Anatomy

Historical reviews have often credited Leonardo da Vinci’s observations in the 15th 
century as some of the first to describe the gross anatomy of the heart and his specula-
tions about the resulting function. In his drawings1, da Vinci refers to the importance 
of vortices, which necessitate the presence of helical structures and/or motions that 
were apparent as “clockwise and counterclockwise spirals within the aorta as the 
outlet of the left ventricle” [1]. More than a century after da Vinci’s death, William 
Harvey published his seminal book Exercitatio Anatomica De Motu Cordis Et Sanguinis 
In Animalibus (An Anatomical Study on the Motion of the Heart and Blood in Living 
Beings, 1628 [2]), in which he established the circulation—including the anatomy 

1  In 2019, an exhibition across the UK celebrated the drawings by Leonardo da Vinci, includ-
ing some of his anatomical sketches (https://www.rct.uk/collection/themes/exhibitions/
leonardo-da-vinci-a-life-in-drawing/the-queens-gallery-palace-of).
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and motion of the heart—as we mostly know it today, thereby also popularizing the 
previous work by Ibn al-Nafis [3]. In 1669, Richard Lower provided remarkable detail 
on the anatomy of the heart in his publication of Tractatus de Corde… (Treatise on 
the Heart. … [4]). Despite these early discoveries, it wasn’t until the contributions by 
McCallum and then Mall in the early twentieth century that there were new advance-
ments in this field [5, 6]. During the second World War, Robb & Robb provided an 
exceptionally detailed overview of the accumulated knowledge that covered five 
centuries of discoveries [7]. Then, 27 years later, in 1969, Streeter et al. published 
the much-cited myocardial fiber distribution of the left ventricle (LV) in dogs, and 
Greenbaum et al. confirmed the observations in human cadavers [8, 9].

Today, after centuries of observations, there is still debate on the exact origins 
and arrangements of the heart [10]. However, general consensus exists that the 
mammalian LV consists of oblique fibers in the endocardium that gradually change 
into circumferential fibers in the midwall and continue to oblique fibers in the sub-
epicardium, orientated in the opposite direction to those in the endocardium, thus 
creating what is often referred to as a helical arrangement [11–14]. Noteworthy insight 
has also been provided by the description of sheets and laminae, which may not only 
impact the effect of individual myofibres but also the electrical propagation across the 
myocardium [15, 16]. With regard to the latter, the coordinated sequence of electrical 
propagation and activation of the LV occurs in a specific apex-to-base and endocardial-
to-epicardial order during systole [17]. Due to these different electrical activation 
times, each part of the heart muscle is activated for different durations, therefore 
shortening and lengthening velocities (or systolic and diastolic “strain rates”) vary 
significantly in the different regions of the LV and are not associated with the overall 
heart rate [18]. A significant addition to the longstanding knowledge on oblique and 
circumferential fibers was provided by Lunkenheimer et al., who provided evidence 
for the existence of transmural myofibres that may be of fundamental relevance to 
the regulation of forces associated with normal myocardial contraction and relaxation 
[19]. Finally, there is important structural diversity on the myocyte level that contrib-
utes to the overall elasticity of the cardiomyocyte, as revealed by different isoforms 
of the giant protein titin, which may influence myocardial deformation in systole 
and diastole, not least during exercise [20, 21]. Collectively, the current knowledge 
indicates a non-uniform, complex mesh of diverse cardiac myofibre arrangements 
which may be grouped in sheets and laminae, influencing the electrical activation 
sequence of the heterogeneously distributed autonomic nerves in the heart (Figure 1, 
[22]). In comparison to the LV, the macro-structure of the right ventricle (RV) is not 
cone-shaped but resembles that of a crescent, almost wrapping around the LV. Yet, the 
underlying micro-structure is similar to the LV, albeit with some key differences. Like 
the LV, the epicardial and endocardial fibers are arranged helically, but with a smaller 
range of oblique angles [23]. The main difference to the LV seems to be in the myofiber 
arrangement of the midwall. Here, “the circumferentially arranged middle fibres are 
confined to the LV and septum” [8] and “without such beneficial architectural remod-
eling […] seem unsuited structurally to sustain a permanent increase in afterload” [23]. 
It is probably because of the overall crescent shape (that makes echocardiographic 
image acquisition in any plane other than the longitudinal challenging), and the lack of 
an obvious torsional motion, that the assessment of right ventricular deformation has 
largely focused on longitudinal strain.

2.2 Definitions and selection of myocardial deformation parameters

Because of the increasing number of studies focused on myocardial deforma-
tion mentioned in the introduction to this chapter, it has been inevitable that some 
inconsistencies exist regarding the nomenclature in the literature (Table 1). Here, a 
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summary of the most common definitions is provided and the reader is also referred 
to previous review articles for further details on the terminology [24–26].

With regard to the LV, three strain components have been established: longitudinal, 
circumferential and radial strain [25]. Systolic strain rate was once thought to reflect 
contractility; however, these hopes have not been sustained. Furthermore, the anatomy 
of the heart does not support the measurement of radial strain since there are no radial 

Figure 1. 
LV anatomy, strain and twist. (A) Although the detailed anatomy of the heart is still a matter of debate, the 
most comprehensive, evidence-based model includes a mesh of oblique, circumferential and transmural fibers 
(1–5). (B) LV strain is typically assessed in three planes, the longitudinal plane (from the apex to the base, L), 
the circumferential plane, C, and the radial plane (from the endocardium to epicardium, R). Owing to the 
specific anatomy, contraction of the LV results in a twisting motion around the long-axis, with an opposing 
rotational movement at the base compared with the apex that is rapidly released in diastole. Resultant twist 
and twist velocity curves produce a clear signal for peak LV twist and early diastolic untwisting rate (red 
arrows). Please see further details and the original figures in Refs. [14, 24].
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fibers in the LV or RV. Although the transmural fibers may somewhat relate to this type 
of strain, they maximally constitute ~20% to overall deformation and do not seem to 
run strictly in the radial direction. Second, the classification of twist or torsion as a 
“shear strain” or fourth dimension of deformation does not fit the underlying anatomy 
of the heart either. There is currently no empirical evidence for the existence of a 

Figure 2. 
RV strain. The measurement of RV strain at rest (left) and during exercise (right) in a patient with 
hypertrophic cardiomyopathy. Because of the anatomical arrangement of the RV, longitudinal strain is the most 
commonly investigated parameter, although further clarity is required whether to always include or exclude the 
septum [28]. From a functional perspective, there is strong evidence that the septal deformation is more similar 
to that of the LV than the RV free wall, as supported by evidence of a shared morphology [29, 30]. Please see 
further details and the original figure in: Wu et al. [31].

Parameter (unit) Description

Circumferential  
strain (%)

Percentage shortening of the circumference

Global longitudinal 
strain (%)

Typically, the average strain of multiple walls obtained from different 
echocardiographic windows (4-chamber, 2-chamber, 3-chamber)

Longitudinal  
strain (%)

Shortening along the long-axis of the ventricles in a single 2-dimensional imaging 
plane (for example a 4-chamber view)

Shear strain The strain resulting from two different normal strains, for example “longitudinal-
circumferential shear strain”

Strain (rate) imaging Generic term that can refer to strain data obtained with either tissue Doppler or 
speckle tracking echocardiography

Strain rate (/s) The rate of shortening (strain) or lengthening (strain) of each strain

Tissue Doppler  
strain (%)

Strain obtained with tissue Doppler echocardiography, which is more angle-
dependent than speckle tracking echocardiography

Tissue velocity 
imaging (%)

Echocardiographic imaging based upon Doppler modality, often synonymous with 
tissue Doppler strain

Twist (degrees) Also called the net twist angle, obtained from the net difference in rotation 
between the left ventricular base and apex. Not to be confused with torsion or 
rotation, the latter referring to the local angular deformation at the base and apex

Untwisting rate (°/s) The maximal early diastolic rate of reversal of twist

Table 1. 
Deformation parameters.
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meaningful number of longitudinal fibers that could determine longitudinal deforma-
tion of the ventricles. Instead, the oblique fibers that make up most of the fibers within 
the left ventricular walls are likely responsible for deformation in the longitudinal 
direction. Consequently, it does not seem appropriate to calculate twist or torsion from 
the longitudinal and circumferential shear angle, also because this approach does not 
capture the potential regional differences that exist between the base and apex in both 
the LV and RV. Despite these drawbacks to the radial and longitudinal parameters, 
it must be acknowledged that longitudinal strain has become the most established 
measure as a clinical marker with diagnostic potential [27]. For these reasons, in the 
context of this chapter, it seems appropriate to ignore LV radial strain but include LV 
longitudinal and circumferential strain as well as twist and untwisting rate. Since no 
clear circumferential fibers or twisting motion have been detected in the RV, the focus 
for that chamber will be exclusively on longitudinal strain Figure 2.

3.  Echocardiographic assessment of myocardial deformation  
during exercise

3.1 Why exercise?

Even if all humans were elite athletes, we would spend most of the time in a day 
in a biological state of rest—or certainly in a state of low physical activity that only 
constitutes a fraction of the total capacity of our cardiovascular system. Accordingly, 
the routine clinical practice of examining cardiac function at rest is a good representa-
tion of the condition we find ourselves in most of the time. However, when a person 
requires an echocardiographic examination, it is typically for clinical reasons initiated 
by the presence of negative symptoms, often presenting as “exertional dyspnea” or 
angina. If an echocardiographic examination then detects structural and functional 
abnormalities of the heart that are congruent with the individual’s symptoms, the 
diagnosis of heart disease is likely. However, resting assessment of cardiac function 
often fails to recapitulate conditions of exertional dyspnea, and thus can sometimes 
lead to misdiagnosis. Equally, waiting until the emergence of symptoms postpones 
clinical treatment. For this reason, “stress testing” has been suggested to offer the 
opportunity of a “window into the future”. By taking the person out of their typical 
state of rest or low physical activity and stressing the full range of their cardiovascular 
system until maximum effort, underlying abnormalities may be detected that remain 
otherwise unknown. Examples for the benefit of exercise testing have been presented 
in relation to “unmasking masked hypertension” [32, 33]. Similarly, in pregnancy it has 
been proposed that the cardiovascular responses to exercise tests prior to conception 
may be indicators of the presence or absence of complications during future pregnan-
cies [34–37]. Furthermore, the complex etiology of heart failure has justified detailed 
exercise testing to identify the most important contributors out of the numerous 
cardiac or peripheral factors that may be involved in the development and/or the state 
of heart failure [38–40].

It is now recognized among clinical practitioners that the investigation of 
myocardial deformation during exercise can provide additive value, since previ-
ous research studies have revealed new (and sometimes surprising) insight into 
the behavior of the heart during exercise. As will be discussed in detail in Section 
3.3, these findings have informed our basic understanding of cardiac function and 
sometimes guided future clinical investigation. Since myocardial function, includ-
ing parameters of myocardial deformation, are influenced by the general loading 
state of the heart, any exercise responses must be seen in the context of general 
cardiovascular responses, as discussed in the next section.
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3.2 General cardiovascular responses to exercise

In the context of myocardial deformation, the most relevant cardiovascular and 
cardiopulmonary responses to a standardized exercise test pertain to stroke volume, 
cardiac output, end-diastolic volume, blood pressure, arterial resistance, lactate, 
and maximal oxygen consumption (VO2max). In healthy individuals, a clear change 
in these parameters can be expected at the onset of low intensity dynamic exercise 
that should continue to change linearly up to moderate intensities. Importantly, 
dynamic exercise tests cause a disproportionate peripheral vasodilation in relation 
to the increase in cardiac output, and hence total peripheral resistance drops sharply 
at the onset of exercise and then remains constant across moderate and high exercise 
intensities [41]. From a diastolic perspective, end-diastolic volume has been shown 
to increase in some studies while others have not observed any change with exercise. 
This is not trivial since an acute increase in end-diastolic volume has been associated 
with an increased stroke volume, an effect also known as the Frank-Starling mecha-
nism [42]. However, the overall contribution of end-diastolic volume to stroke 
volume is still relatively low because most of the increase in stroke volume has been 
attributed to the enhanced contractility that reduces the end-systolic volume.

At workloads above moderate intensity, several important physiological changes 
occur in healthy individuals. Blood lactate concentrations increase exponentially and 
CO2 production rises above O2 consumption, both reflecting the greater contribution 
of anaerobic metabolic pathways to overall energy utilization and causing a strong 
stimulus for vasodilation not least in the cerebral circulation. During the highest 
effort, stroke volume and VO2 have been reported to plateau and even decrease, but 
the exact pattern and the underlying mechanisms to this response remain a matter of 
debate [43]. Fortunately, this does not seem to impact the interpretation of cardio-
vascular responses to exercise in patients, since the sub-maximal data are currently 
thought to be of sufficient clinical value to determine whether exercise performance is 
normal or impaired [44].

One important distinction between the LV and RV responses to exercise is the 
potential for a “disproportionate load” on the RV [45], which is perhaps explained 
by both a greater relative rise in pulmonary blood pressure compared with that in the 
aorta, and differences in RV intrinsic factors such as force development. The dif-
ferences between the LV and RV responses to exercise highlight the specific impact 
exercise has on the cardiovascular system. Consequently, determining the true origin 
of exercise limitations is challenging because many components of the cardiovascular 
system may be affected. For example, studies have shown that an exaggerated rise 
in blood pressure during exercise may be associated with negative outcomes, but 
whether this is caused by the heart or the periphery may be more difficult to deter-
mine [46–48]. Even in heart failure, the reduced exercise tolerance has been suggested 
to be a result of both central and non-cardiac limitations [38–40, 49]. Consequently, 
assessing myocardial deformation in relation to conventional exercise responses is 
essential for the quantification of the contributions of the heart muscle itself.

3.3 Myocardial deformation during exercise

Whatever myocardial parameter one chooses to examine during exercise, the 
interpretation of the responses can be tricky. For example, an increase in myo-
cardial deformation with sub-maximal cycle exercise along with a typical drop 
in arterial resistance and concomitant reductions in end-systolic volume, in the 
presence of no adverse structural remodeling would be reflective of a “healthy” 
response. Equally, it is theoretically possible that the absence of a clear increase 
in myocardial deformation—which could be interpreted to represent myocardial 
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meaningful number of longitudinal fibers that could determine longitudinal deforma-
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aorta, and differences in RV intrinsic factors such as force development. The dif-
ferences between the LV and RV responses to exercise highlight the specific impact 
exercise has on the cardiovascular system. Consequently, determining the true origin 
of exercise limitations is challenging because many components of the cardiovascular 
system may be affected. For example, studies have shown that an exaggerated rise 
in blood pressure during exercise may be associated with negative outcomes, but 
whether this is caused by the heart or the periphery may be more difficult to deter-
mine [46–48]. Even in heart failure, the reduced exercise tolerance has been suggested 
to be a result of both central and non-cardiac limitations [38–40, 49]. Consequently, 
assessing myocardial deformation in relation to conventional exercise responses is 
essential for the quantification of the contributions of the heart muscle itself.
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Whatever myocardial parameter one chooses to examine during exercise, the 
interpretation of the responses can be tricky. For example, an increase in myo-
cardial deformation with sub-maximal cycle exercise along with a typical drop 
in arterial resistance and concomitant reductions in end-systolic volume, in the 
presence of no adverse structural remodeling would be reflective of a “healthy” 
response. Equally, it is theoretically possible that the absence of a clear increase 
in myocardial deformation—which could be interpreted to represent myocardial 
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dysfunction—may be a normal response if the increase in blood pressure and 
peripheral resistance were excessively high (or the exercise test did in fact create 
a condition of increased afterload). In this case, it is conceivable that the origin of 
the exercise limitation may not be cardiac despite the attenuated deformation, but 
perhaps peripheral in nature causing an exercise failure before the cardiac reserve 
is fully used [39]. Therefore, this section provides an overview of the general trend 
of myocardial deformation during exercise, but the reader is alerted that a qualita-
tive interpretation must be performed after consideration of the wider physiol-
ogy. Articles in this section were included if the studies had obtained data with 
echocardiography during exercise (tissue Doppler and tissue velocity imaging data 
were mostly excluded because both techniques are angle-dependent and typically 
represent only data from a single segment within the mitral annulus). Although a 
promising and exciting alternative to echocardiography, myocardial deformation 
during exercise obtained using MRI is not the focus of this chapter [50, 51]. Studies 
were also excluded if they obtained data immediately following exercise effort, as 
discussed in more detail in the section on methodological considerations. Finally, 
the avid reader is referred to some excellent review articles that cover more of the 
literature than this book chapter can accommodate [52–55].

3.3.1 Physiological insight from healthy individuals

The physiology of myocardial deformation during exercise in healthy people is 
the fundamental basis upon which to interpret the responses in patient populations. 
Although many clinical research studies also include a healthy control group, some-
times these are matched to the patient groups in their demographics and, there-
fore, may not represent truly “healthy” individuals. Wherever possible, the data 
presented here will be from populations purposefully recruited as young healthy 
reference groups. To date, studies have revealed a variety of new perspectives that 
may be of great importance for the interpretation of clinical populations.

A decade ago, two studies revealed the strain and twist responses during 
incremental exercise. First, Doucende et al. showed that left ventricular twist and 
circumferential strain increased linearly up to moderate exercise intensities, while 
longitudinal strain increased initially but then plateaued at low exercise efforts [56]. 
This study also highlighted the interdependence of systolic and diastolic deforma-
tion, the role of untwisting rate in LV filling during exercise and the contribution 
of the LV apex to the overall myocardial response. Second, it was shown that LV 
twist and untwisting rate increased linearly up to near-maximal efforts, correlating 
with stroke volume and, thus, perhaps contributing to maximal exercise capacity 
in humans [57]. The importance of regional LV deformation, at the LV apex, was 
again highlighted. Several other studies have revealed similar patterns of LV twist 
during exercise in pre- and postmenopausal women, in athletes and of humans 
ascending to high altitude [58–62]. Consequently, it is now generally accepted that 
an increase in LV twist with exercise up to moderate intensities can be expected 
as a normal response (Figure 3). Surprisingly few studies dedicated to healthy 
individuals have measured LV strain during exercise, but they agree in general that 
longitudinal strain also increases with exercise [56, 61–64]. Because of the risk of 
potential confounders, it is not possible to directly compare the response in LV twist 
and strain obtained in different studies. But in general, it is of great importance to 
note that the patters of the responses to exercise are not always the same for the two 
parameters, reminding us that they do not represent the same myocardial deforma-
tion. In agreement with the general physiological response to incremental exercise, 
LV twist increases linearly while longitudinal strain seems to plateau at low exercise 
efforts. This was more recently confirmed by Williams et al., who reported the same 
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disparity between parameters in young healthy men [62]. Interestingly, in the same 
study, women seemed to have more of a linear response in longitudinal strain akin to 
LV twist. The disparity between LV twist and longitudinal strain has also been noted 
in studies on aging where LV twist consistently increases, but longitudinal strain 
does not change or decreases. Considering the well-established progression of aortic 
stiffness with aging [65], longitudinal strain appears to be at odds again with general 
physiology. Future studies should not only examine the parameters in relation to 
their sensitivity as a clinical marker but also consider the fit with general physiology.

Studying the acute effects of exercise on myocardial deformation may be influenced 
by the chronic remodeling that humans have experienced. In this regard, Burns et al. 
showed that aging seems to be associated with a reduced LV twist reserve during 
exercise in a population of 60-year old individuals [66]. Similarly, “female aging”, as 
represented by the menopause, seems to impact the myocardial response to exercise, 
which may be further altered by exercise training [58]. One of the more surprising 
observations has been that of Cooke et al. who proposed that endurance trained 
athletes with enlarged “athlete’s heart” and a greater stroke volume had a similar 
systolic LV function, including LV twist, during submaximal exercise compared to 
untrained humans with smaller stroke volume [67]. Similar to the results presented 
by Doucende and Williams discussed above [56, 62], this particular exercise response 
strongly suggests that the mechanical2 systolic function of the heart may not be 
strictly associated with its output (stroke volume). Some mathematical calculations 
support the potentially poor linear association between systolic LV mechanical func-
tion and ejection fraction while others suggest a strong relationship [68]. In any case, 
the previous findings suggest that future investigations into the interaction between 
systolic deformation and ejection, and diastolic deformation and filling are needed 
to clarify the current uncertainty. One reason for the existing disagreement between 

2 The term mechanical is most commonly used in the literature on myocardial deformation. However, 
from a biophysical perspective, it may be more appropriate to refer to “kinematics”.

Figure 3. 
Myocardial deformation to incremental exercise. LV twist curves during incremental exercise, revealing a linear 
increase up to 70–80% of maximal individual exercise effort for both peak systolic LV twist (highest value in 
black lines top row) and peak diastolic untwisting rate (lowest value within black lines bottom row). Red lines 
represent myocardial deformation at the LV apex, blue lines at the LV base. Black lines are the composite of 
apical and basal data. Please see further details and the original figure in Ref. [57].
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dysfunction—may be a normal response if the increase in blood pressure and 
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perhaps peripheral in nature causing an exercise failure before the cardiac reserve 
is fully used [39]. Therefore, this section provides an overview of the general trend 
of myocardial deformation during exercise, but the reader is alerted that a qualita-
tive interpretation must be performed after consideration of the wider physiol-
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represent only data from a single segment within the mitral annulus). Although a 
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during exercise obtained using MRI is not the focus of this chapter [50, 51]. Studies 
were also excluded if they obtained data immediately following exercise effort, as 
discussed in more detail in the section on methodological considerations. Finally, 
the avid reader is referred to some excellent review articles that cover more of the 
literature than this book chapter can accommodate [52–55].

3.3.1 Physiological insight from healthy individuals

The physiology of myocardial deformation during exercise in healthy people is 
the fundamental basis upon which to interpret the responses in patient populations. 
Although many clinical research studies also include a healthy control group, some-
times these are matched to the patient groups in their demographics and, there-
fore, may not represent truly “healthy” individuals. Wherever possible, the data 
presented here will be from populations purposefully recruited as young healthy 
reference groups. To date, studies have revealed a variety of new perspectives that 
may be of great importance for the interpretation of clinical populations.

A decade ago, two studies revealed the strain and twist responses during 
incremental exercise. First, Doucende et al. showed that left ventricular twist and 
circumferential strain increased linearly up to moderate exercise intensities, while 
longitudinal strain increased initially but then plateaued at low exercise efforts [56]. 
This study also highlighted the interdependence of systolic and diastolic deforma-
tion, the role of untwisting rate in LV filling during exercise and the contribution 
of the LV apex to the overall myocardial response. Second, it was shown that LV 
twist and untwisting rate increased linearly up to near-maximal efforts, correlating 
with stroke volume and, thus, perhaps contributing to maximal exercise capacity 
in humans [57]. The importance of regional LV deformation, at the LV apex, was 
again highlighted. Several other studies have revealed similar patterns of LV twist 
during exercise in pre- and postmenopausal women, in athletes and of humans 
ascending to high altitude [58–62]. Consequently, it is now generally accepted that 
an increase in LV twist with exercise up to moderate intensities can be expected 
as a normal response (Figure 3). Surprisingly few studies dedicated to healthy 
individuals have measured LV strain during exercise, but they agree in general that 
longitudinal strain also increases with exercise [56, 61–64]. Because of the risk of 
potential confounders, it is not possible to directly compare the response in LV twist 
and strain obtained in different studies. But in general, it is of great importance to 
note that the patters of the responses to exercise are not always the same for the two 
parameters, reminding us that they do not represent the same myocardial deforma-
tion. In agreement with the general physiological response to incremental exercise, 
LV twist increases linearly while longitudinal strain seems to plateau at low exercise 
efforts. This was more recently confirmed by Williams et al., who reported the same 
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disparity between parameters in young healthy men [62]. Interestingly, in the same 
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LV twist. The disparity between LV twist and longitudinal strain has also been noted 
in studies on aging where LV twist consistently increases, but longitudinal strain 
does not change or decreases. Considering the well-established progression of aortic 
stiffness with aging [65], longitudinal strain appears to be at odds again with general 
physiology. Future studies should not only examine the parameters in relation to 
their sensitivity as a clinical marker but also consider the fit with general physiology.

Studying the acute effects of exercise on myocardial deformation may be influenced 
by the chronic remodeling that humans have experienced. In this regard, Burns et al. 
showed that aging seems to be associated with a reduced LV twist reserve during 
exercise in a population of 60-year old individuals [66]. Similarly, “female aging”, as 
represented by the menopause, seems to impact the myocardial response to exercise, 
which may be further altered by exercise training [58]. One of the more surprising 
observations has been that of Cooke et al. who proposed that endurance trained 
athletes with enlarged “athlete’s heart” and a greater stroke volume had a similar 
systolic LV function, including LV twist, during submaximal exercise compared to 
untrained humans with smaller stroke volume [67]. Similar to the results presented 
by Doucende and Williams discussed above [56, 62], this particular exercise response 
strongly suggests that the mechanical2 systolic function of the heart may not be 
strictly associated with its output (stroke volume). Some mathematical calculations 
support the potentially poor linear association between systolic LV mechanical func-
tion and ejection fraction while others suggest a strong relationship [68]. In any case, 
the previous findings suggest that future investigations into the interaction between 
systolic deformation and ejection, and diastolic deformation and filling are needed 
to clarify the current uncertainty. One reason for the existing disagreement between 

2 The term mechanical is most commonly used in the literature on myocardial deformation. However, 
from a biophysical perspective, it may be more appropriate to refer to “kinematics”.

Figure 3. 
Myocardial deformation to incremental exercise. LV twist curves during incremental exercise, revealing a linear 
increase up to 70–80% of maximal individual exercise effort for both peak systolic LV twist (highest value in 
black lines top row) and peak diastolic untwisting rate (lowest value within black lines bottom row). Red lines 
represent myocardial deformation at the LV apex, blue lines at the LV base. Black lines are the composite of 
apical and basal data. Please see further details and the original figure in Ref. [57].
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mechanical function and associated hemodynamics may be the technical limitations 
causing restricted views from a 2D echocardiographic window. In the case of exercise 
responses, this may be particularly evident at the LV apex, since the apex has been 
proposed as an important contributor to exercise responses (in particular in diastolic 
function) [56, 57, 69]. However, in the echocardiographic images relevant for the 
measurement of global longitudinal strain, the representation of the apical segments 
is proportionately small and their contribution to longitudinal strain and strain rate 
may be underestimated compared with short-axis views [18]. Thus, some of the insight 
provided by myocardial deformation during exercise in healthy people relates to our 
more general understanding of cardiac function.

Compared with LV strain, RV longitudinal strain seems to be ~10 percentage 
points higher in healthy young humans at rest, likely reflecting the different 
anatomy combined with a lower pulmonary resistance compared with the aorta. 
Most studies reporting RV strain in healthy individuals during exercise have 
done so by including healthy controls as comparators to cardiac patients. From 
those studies, some patterns have emerged that suggest a consistently increased 
RV longitudinal strain during submaximal exercise in healthy individuals 
[28, 31, 70]. The mechanisms for this are probably similar to those of the LV, 
where an increased sympathetic state increases contractility while peripheral 
(pulmonary) vasodilation decreases downstream resistance [71]. However, 
during intense exercise, it seems that right ventricular myocardial deformation 
increases perhaps less than the LV, and it has even been shown to decrease. Given 
that both ventricles should produce approximately the same stroke volume 
under stable conditions, the lower RV strain during exercise is another indica-
tor that the interaction between the mechanical function of the ventricles and 
the circulation may depend as much on the local arterial resistance as it may 
depend on the muscular performance (and therefore health) of the ventricles, 
and thus fitting the long-standing concept of a greater afterload-sensitivity of 
the RV. Recent studies in advanced heart failure patients who were surgically 
implanted with left ventricular assist devices (LVAD) may support this, since 
the mechanical pumps “unload” the LV and shift blood volume to the rest of the 
circulation, maybe creating “A Different Kind of Stress Test for the RV” [72, 73]. 
The accurate measurement of pulmonary and aortic resistance beyond the 
measurement or estimation of blood pressure is certainly going to elucidate the 
differential exposure and performance of the two ventricles [74]. At present, 
it seems that exercise does indeed cause a greater afterload challenge for the 
RV compared with the LV. In fact, it is worth noting that the exercise modali-
ties used in the studies presented so far in this section have mostly employed 
“dynamic” exercise (see Section 3.4). In this context, it is essential to point out 
that this type of exercise increases sympathetic activation of the myocardium 
and reduces arterial resistance compared with the resting state, therefore 
creating an environment for the LV (and at low intensities for the RV) that is 
characterized by reduced afterload. During higher exercise intensities, pulmo-
nary resistance can increase during dynamic exercise and create an augmented 
afterload challenge [45]. Strength exercise, also called resistance exercise, and 
isometric handgrip exercise are two other modalities that can provide an after-
load challenge for the LV [75]. Interestingly, studies employing these exercise 
modalities in a number of different populations have consistently shown that 
the reduced systolic deformation is in part compensated for by an increase in 
heart rate, but can also be uncoupled from diastolic function [76–79]. Given that 
resistance exercise produces a very different challenge to dynamic exercise, and 
that strength training is an important addition to rehabilitation, future research 
should consider incorporating responses during high resistive efforts [80, 81].
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3.3.2 Exercise responses in patients with cardiovascular disease

In a seminal study, Notomi et al. provided mechanistic insight into the complex 
interdependence between systolic and diastolic function in hypertrophic cardio-
myopathy [20]. Although the study used Tissue Doppler Imaging, it is a landmark 
study that has provided new insight and has popularized the use of exercise testing 
for both basic science and new insight into cardiac performance in patients. The 
study revealed that LV twist during exercise was significantly reduced in patients 
with hypertrophic cardiomyopathy. Similarly, two other studies concluded that 
systolic deformation reserve is reduced in patients with hypertrophic cardiomy-
opathy [82, 83]. However, one challenge in patient populations is that the change 
in heart rate is often different compared with control groups, and therefore it 
is possible that the groups experienced different physiological stimuli. This is a 
recurring problem in exercise studies that currently reduces the confidence in some 
conclusions. Equally, sometimes the matching of the change in heart rate between 
groups may lead to unequal workloads or changes in blood pressure, highlighting 
again the need to interpret myocardial deformation during exercise in the context 
of general physiological responses. Notwithstanding, the overall trend is that LV 
myocardial deformation in patients is reduced in response to an acute exercise 
challenge, including in cardiac amyloidosis, hypertension, cancer, coronary artery 
disease, as well as in patients with valve disease before and after surgical correc-
tion [84–89]. Some subtle observations, however, are worthy of discussion. For 
example, in patients with microvascular angina, only the subendocardial strain was 
reduced, and diastolic function during exercise was more severely affected than 
systolic reserve [90]. Similarly, myocardial regions can respond differently dur-
ing exercise in coronary artery disease patients, as shown by differential basal vs. 
apical rotational mechanics [89]. In an elegant study in patients with hypertrophic 
cardiomyopathy, Soullier et al. showed that there was significant heterogeneity in 
the response of the different deformation parameters to exercise, and that resting 
twist was even increased in patients while diastolic untwisting rate was less affected 
[83]. In patients with a prior heart transplant, the age of the recipients and donors 
seem to influence the longitudinal and circumferential strain response to exercise 
[91, 92]. All these observations highlight the very subtle changes that can occur 
between parameters, and between systolic and diastolic function. To determine the 
full significance of such differences should be the focus of future investigations. 
Furthermore, it will be essential to relate myocardial deformation more often to 
parameters like cardiac output, to enable the meaningful interpretation of deforma-
tion indices and their contribution to the overall capacity of the heart. When this 
was done in previous studies, the myocardial deformation during exercise provided 
a clear advancement of our general understanding of the etiology and/or progres-
sion of cardiac disease [93].

Because of the prevalence and importance of pulmonary hypertension, and the 
exercise limitations of heart failure patients, myocardial deformation of the RV 
during exercise has received heightened attention [94]. Similar to the LV response, 
the expected increase in RV myocardial deformation during exercise is generally 
blunted, not just in pulmonary hypertension but also in tetralogy of Fallot, sys-
temic sclerosis, and hypertrophic cardiomyopathy [31, 95–97]. Most often, there 
is clear evidence that pulmonary artery pressures increased disproportionately in 
the groups that had a blunted increase in RV longitudinal strain during exercise. 
Importantly, these patients often have normal pulmonary artery pressures at rest, 
which not only emphasizes the diagnostic value of exercise testing, it also highlights 
the possibility that patients with suspected LV pathology should be tested for the 
RV myocardial response to exercise.
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responses, this may be particularly evident at the LV apex, since the apex has been 
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the circulation may depend as much on the local arterial resistance as it may 
depend on the muscular performance (and therefore health) of the ventricles, 
and thus fitting the long-standing concept of a greater afterload-sensitivity of 
the RV. Recent studies in advanced heart failure patients who were surgically 
implanted with left ventricular assist devices (LVAD) may support this, since 
the mechanical pumps “unload” the LV and shift blood volume to the rest of the 
circulation, maybe creating “A Different Kind of Stress Test for the RV” [72, 73]. 
The accurate measurement of pulmonary and aortic resistance beyond the 
measurement or estimation of blood pressure is certainly going to elucidate the 
differential exposure and performance of the two ventricles [74]. At present, 
it seems that exercise does indeed cause a greater afterload challenge for the 
RV compared with the LV. In fact, it is worth noting that the exercise modali-
ties used in the studies presented so far in this section have mostly employed 
“dynamic” exercise (see Section 3.4). In this context, it is essential to point out 
that this type of exercise increases sympathetic activation of the myocardium 
and reduces arterial resistance compared with the resting state, therefore 
creating an environment for the LV (and at low intensities for the RV) that is 
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load challenge for the LV [75]. Interestingly, studies employing these exercise 
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3.4 Important practical considerations

Any echocardiographic examination consists of two main parts: (1) the acquisi-
tion of standardized echocardiographic images, and (2) the analysis of images for 
the quantification of relevant parameters [98, 99]. When conducting echocardiog-
raphy during exercise, both parts require modified approaches to ensure that the 
conclusions drawn remain valid. Here, based upon our extensive practical experi-
ence, we present some “take-home-messages” that we consider essential for the 
echocardiographic assessment of myocardial deformation during exercises.

• Typically, exercise tests are performed in a stepwise (constant intensity for 
some minutes, then increasing) or incremental (gradually increasing intensity 
with every second) manner. Because different protocols provoke different 
physiological responses, the correct protocol must be selected carefully.

• Exercise responses depend on the relative workload of an individual. Therefore, 
exercise intensities should be adjusted to an individual’s anticipated capacity 
and patients’ myocardial deformation interpreted in relation to the relative 
workload [100].

• The individual adjustment of workload increments during the test should also 
acknowledge fitness, age, sex, medical history, and acute or chronic injuries.

• For the assessment of myocardial deformation during exercise, running or 
cycling modalities are the most common. For the reason of improved image 
quality and because it is relatively safe/feasible, the preferred choice for 
exercise echocardiography may be supine cycling.

• While it is generally accepted that gentle end-expiratory breath holds can be 
performed to obtain images, it is preferable to obtain echocardiographic cine 
loops during free breathing and average some cardiac cycles during inspiration 
and expiration.

• It is important to distinguish between the physiological demands of differ-
ent exercise modalities, categorized as: dynamic, static, and impact [101]. 
Consequently, certain types of exercise can be considered more as an “afterload 
challenge” than others, and the responses of myocardial deformation may vary 
greatly between these types of exercise. In this context, the reader is reminded 
that exercise training interventions for health will need to consider the same 
complexities, as evidenced by the potential for differential effects of moderate 
continuous exercise training versus high-intensity interval training in some 
cardiac patients [102].

• One concern with regard to exercise testing is the risk of triggering adverse 
events. Although this will depend on the specific individual being tested and 
must be decided by qualified personnel on a case-by-case basis, as evidenced by 
a comprehensive study performed by Rognmo et al. [103], the overall risk for 
serious adverse events seems to be relatively low. Particular health and safety 
precautions should be taken in patients with overt or suspected arrhythmia and 
the decision “not allowed to perform an exercise test” may have to be taken.

• Standardization of echocardiographic data acquisition during exercise is 
absolutely necessary. Sonographers should minimize the sector width and 
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depth, maximize imaging frame rates, only use one focal point and position 
this in the optimal location, and optimize the overall image to maximize the 
visibility of the endocardial border for speckle tracking analysis. Although 3D 
echocardiography may solve some of the limitations of 2D echocardiography, 
at present the frame rates are too low to obtain the necessary temporal resolu-
tion for quantification of myocardial deformation during exercise, although 
this is expected to change in the near future.

• During exercise, when respiration and heart are increased, the quick location 
of the optimal echocardiographic window is necessary. Marking up the loca-
tion on the chest after the resting assessment serves as a “quick help” during 
exercise. The sonographer must, however, still optimize the image and perhaps 
move the transducer slightly during exercise.

• Since heart rate increases during exercise but imaging frame rates are already 
maximized, the effective frame rate (data points per cardiac cycle) decreases. 
Although this cannot be fully corrected, it seems advisable to perform cubic 
spline interpolation to attenuate some of these limitations [104]. Note that 
cubic spline interpolation will not only add points in time (for example for the 
more confident assessment of dyssynchrony), it also slightly adjusts the peak 
values.

• Data acquisition immediately following exercise is not the same as “during” 
exercise. With the cessation of exercise, especially after a strenuous effort with 
strong muscular contractions, instant changes in whole-body hemodynamics 
set in [105]. Hence, these data do not reflect an exercise challenge but a “exer-
cise recovery” state.

• For the acquisition of LV twist, apical data must be obtained by moving the 
transducer close to the point of obtaining a 4-chamber view, otherwise severely 
misrepresentative data will be collected [24].

4. Summary and conclusions

The assessment of LV and RV myocardial deformation during exercise is feasible 
and has contributed unique insight into cardiac physiology in health and disease. 
Inherent methodological challenges require appropriate training and a careful 
approach to image acquisition, analysis and interpretation. However, ongoing 
technological advancements and an increasing knowledge suggest that the echo-
cardiographic assessment of myocardial deformation during exercise will play an 
ever-increasing role in future research and the clinical examination of the cardiac 
patient.
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Abstract

Myxomatous mitral valve disease (MMVD) is the most common heart 
 disease in dogs and has many similarities to human mitral valve prolapse (MVP). 
Transthoracic echocardiography is a non-invasive method for making a diagnosis 
and predicting the progression of heart failure (HF) in dogs and humans with 
mitral regurgitation (MR). It enables clinicians to detect the mitral valve (MV) 
lesions, to evaluate MR severity, and to assess its impact on cardiac remodeling, 
myocardial function, left ventricular (LV) filling pressures, as well as pulmonary 
arterial pressure. Furthermore, advanced ultrasound technologies such as tissue 
Doppler imaging (TDI), strain and strain rate imaging, and two-dimensional (2D) 
speckle tracking echocardiography (STE) provide a better assessment of global 
and regional myocardial function. Although the severity of MR and HF in dogs 
with MMVD is being evaluated as similar to human cardiology, the veterinary 
cardiologists are more focused on the severity of cardiac remodeling and cardiac 
dysfunction caused by MR, because surgical restoration of defected mitral appara-
tus is rarely done in dogs. The chapter will review conventional echocardiographic 
features of MMVD in dogs to provide a better understanding of the similarities and 
discrepancies between canine MMVD and human MVP to veterinary and human 
cardiologists and researchers.

Keywords: mitral valve prolapse, myxomatous mitral valve disease, mitral valve 
insufficiency, heart failure, mitral regurgitation

1. Introduction

Myxomatous mitral valve disease (MMVD) accounts for 75–80% of heart 
diseases in dogs and is more prevalent in small and elderly dogs [1, 2]. Due to 
similarities to human mitral valve prolapse (MVP), it gains huge interest in vet-
erinary and human cardiologists. MMVD and MVP are characterized by progres-
sive myxomatous degeneration of atrioventricular valves and subsequent mitral 
regurgitation (MR) [3], causing left atrial (LA) and left ventricular (LV) volume 
overload and left-sided congestive heart failure (CHF) [4]. Although there are 
many similarities in both diseases (e.g. macroscopic and microscopic pathology, 
strong genetic background, marked effect of age on prevalence and severity, slow 
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diseases in dogs and is more prevalent in small and elderly dogs [1, 2]. Due to 
similarities to human mitral valve prolapse (MVP), it gains huge interest in vet-
erinary and human cardiologists. MMVD and MVP are characterized by progres-
sive myxomatous degeneration of atrioventricular valves and subsequent mitral 
regurgitation (MR) [3], causing left atrial (LA) and left ventricular (LV) volume 
overload and left-sided congestive heart failure (CHF) [4]. Although there are 
many similarities in both diseases (e.g. macroscopic and microscopic pathology, 
strong genetic background, marked effect of age on prevalence and severity, slow 
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progression), discrepancies in these two diseases (e.g. much more prevalent in dogs 
than in humans, less prone to develop endocarditis in dogs, less prominent systolic 
clicks in dogs) exist [5].

Although there are many diagnostic methods for MMVD, the standard trans-
thoracic echocardiographic examination is a gold standard test for diagnosis and 
prognosis of MMVD and MVP in dogs and humans, respectively. The echocardiog-
raphy is non-invasive and enables the clinicians to detect the mitral valve (MV) 
lesions, to evaluate MR severity, and to assess its impact on cardiac remodeling, 
myocardial function, left ventricular filling pressures, as well as pulmonary arte-
rial pressure [6–11]. However, conventional ultrasound imaging modalities such as 
two-dimensional (2D), M-mode, color Doppler, pulse-wave (PW), and continuous-
wave (CW) Doppler echocardiography may not be enough to precisely evaluate 
the severity of mitral valve diseases and to monitor disease progression. Advanced 
ultrasound technologies such as tissue Doppler imaging (TDI), strain and strain 
rate imaging, and two-dimensional speckle tracking echocardiography (STE) gain 
popularity in veterinary and human cardiologists because these technologies can 
assess and monitor global and regional myocardial function more precisely [12], 
although those require more expensive ultrasound machine and training.

Human MVP causing MR is divided into two groups: primary (i.e. structural 
intrinsic valvular disease) and secondary (i.e. nonstructural functional MR caused 
by non-mitral valve diseases). Like dogs, causes of primary MR are degenerative 
diseases on the mitral valve, such as Barlow, fibroelastic degeneration, Marfan, 
Ehlers-Danlos, and annular calcification, although rheumatic disease and toxic val-
vulopathy can also cause MR in humans [13]. Severity of MR in humans is graded 
qualitatively (e.g. mitral valve morphology, color flow MR jet, flow convergence 
zone, CW signal of MR jets), semi-quantitatively (e.g. vena contracta [VC] width, 
pulmonary vein flow, mitral inflow, TVI mit/TVI Ao), and quantitatively (effective 
regurgitant orifice area [EROA], regurgitant volume [R Vol]) [13]. LV and LA size 
and the systolic pulmonary arterial pressure are also used to determine the severity 
of CHF caused by MR.

Although the severity MR and CHF in dogs with MMVD are being evaluated as 
similar to human cardiology, the veterinary cardiologists are more focused on the 
severity of cardiac remodeling (e.g. LA and LV dilation) and cardiac dysfunction 
caused by MR, because surgical restoration of defected mitral apparatus is rarely done 
in dogs. Therefore, the echocardiographic indices related to MR severity (e.g. MV 
morphology, flow convergence zone) are not routinely assessed in dogs with MMVD.

The chapter reviews conventional echocardiographic indices being used for 
diagnosis and prognosis of canine MMVD to provide a better understanding of the 
similarities and discrepancies between canine MMVD and human MVP to veteri-
nary and human cardiologists and researchers.

2. Assessment of MR severity

Echocardiography is a gold standard test in the assessment and management of 
humans and dogs with MR. Although color flow MR jets and CW signal of MR jets 
are useful for detecting MR, a more quantitative approach is required for determin-
ing the severity of MR in humans and dogs.

2.1 Semi-quantification of MR

Although quantitative assessment of MR (e.g. EROA and R Vol) is being used 
for grading the severity of MR in humans [13], it is rarely used in canine practice, 
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because it requires more time-consuming interrogation and is often hard to define 
the location of EROA and flow convergence shape in dogs with MR [14]. Therefore, 
canine study, especially in practice, focuses more on the semi-quantification of MR 
(e.g. the maximal ratio of the regurgitant jet area signal to LA area [ARJ/LAA ratio] 
and vena contracta).

The ARJ/LAA ratio can be easily obtained with the color Doppler imaging (CDI) 
method and showed good repeatability and reproducibility in dogs [15, 16]. MR 
can be graded as mild (<30%), moderate (30–70%), or severe (>70%), based on 
the ARJ/LAA ratio on the CDI study in dogs with MMVD (Figure 1A) [15, 16]. 
Unfortunately, the ARJ/LAA ratio can be affected by many intrinsic factors (e.g. 
SAP, LA pressure, the spatial orientation of MR jet) and extrinsic factors (e.g. pulse 
repetition frequency and gain settings) [17]. Several studies found the ARJ/LAA ratio 
was not closely correlated with the severity of MMVD in dogs, especially in dogs with 
American College of Veterinary Internal Medicine (ACVIM) B2 and C [18, 19].

The vena contracta is the narrowest width of the MR jet that occurs at or 
just downstream from the regurgitant orifice and can reflect the severity of 
MR (obtained from measuring the regurgitant orifice size by the CDI study) 
(Figure 1B) [17]. Although it requires less time-consuming interrogation and is 
technically easier to obtain, this method is prone to errors, especially in dogs having 
dynamic regurgitant orifices [14]. Several studies found the VC and VC-derived 
variables were closely correlated with the severity of MR and survival time in dogs 
with MMVD [20–22]. One study found the mean (±SD) diameter of the mitral 
regurgitation vena contracta in a right parasternal long-axis (RPLx) view (VCR:Ao) 
and a left apical four-chamber view (VCL:Ao) indexed to aortic diameter were 
0.21 ± 0.14 and 0.24 ± 0.12, respectively, in dogs with MMVD [21]. Furthermore, 
the VCL:Ao > 0.24 was closely correlated with survival time (hazard ratio 4.87) [21].

2.2 Quantification of MR

The measurement of the flow convergence area by proximal isovelocity surface 
area (PISA) is a gold standard method to quantify the MR jet in humans [13]. 
Although one study found the PISA method was repeatable and reproducible 
in awake dogs [16], it is more time-consuming and requires several precautions 
to obtain the optimal acquisition of the flow convergence images in dogs with 
MMVD [14]. The regurgitation fraction (RF) obtained by the PISA can be used for 

Figure 1. 
(A) Semi-quantification of mitral regurgitation (MR). The maximal ratio of the regurgitant jet area signal to 
the left atrial area (ARJ/LAA ratio) was obtained from a left apical four-chamber view. The ARJ (1.12 cm2)/
LAA (2.12 cm2) of this case was 53%, indicating moderate MR. (B) the vena contracta diameter from a 
left apical four-chamber view (VCL) was measured as the diameter of the narrowest point of the mitral 
regurgitation jet, downstream of the region of proximal flow convergence.
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progression), discrepancies in these two diseases (e.g. much more prevalent in dogs 
than in humans, less prone to develop endocarditis in dogs, less prominent systolic 
clicks in dogs) exist [5].

Although there are many diagnostic methods for MMVD, the standard trans-
thoracic echocardiographic examination is a gold standard test for diagnosis and 
prognosis of MMVD and MVP in dogs and humans, respectively. The echocardiog-
raphy is non-invasive and enables the clinicians to detect the mitral valve (MV) 
lesions, to evaluate MR severity, and to assess its impact on cardiac remodeling, 
myocardial function, left ventricular filling pressures, as well as pulmonary arte-
rial pressure [6–11]. However, conventional ultrasound imaging modalities such as 
two-dimensional (2D), M-mode, color Doppler, pulse-wave (PW), and continuous-
wave (CW) Doppler echocardiography may not be enough to precisely evaluate 
the severity of mitral valve diseases and to monitor disease progression. Advanced 
ultrasound technologies such as tissue Doppler imaging (TDI), strain and strain 
rate imaging, and two-dimensional speckle tracking echocardiography (STE) gain 
popularity in veterinary and human cardiologists because these technologies can 
assess and monitor global and regional myocardial function more precisely [12], 
although those require more expensive ultrasound machine and training.
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because it requires more time-consuming interrogation and is often hard to define 
the location of EROA and flow convergence shape in dogs with MR [14]. Therefore, 
canine study, especially in practice, focuses more on the semi-quantification of MR 
(e.g. the maximal ratio of the regurgitant jet area signal to LA area [ARJ/LAA ratio] 
and vena contracta).

The ARJ/LAA ratio can be easily obtained with the color Doppler imaging (CDI) 
method and showed good repeatability and reproducibility in dogs [15, 16]. MR 
can be graded as mild (<30%), moderate (30–70%), or severe (>70%), based on 
the ARJ/LAA ratio on the CDI study in dogs with MMVD (Figure 1A) [15, 16]. 
Unfortunately, the ARJ/LAA ratio can be affected by many intrinsic factors (e.g. 
SAP, LA pressure, the spatial orientation of MR jet) and extrinsic factors (e.g. pulse 
repetition frequency and gain settings) [17]. Several studies found the ARJ/LAA ratio 
was not closely correlated with the severity of MMVD in dogs, especially in dogs with 
American College of Veterinary Internal Medicine (ACVIM) B2 and C [18, 19].

The vena contracta is the narrowest width of the MR jet that occurs at or 
just downstream from the regurgitant orifice and can reflect the severity of 
MR (obtained from measuring the regurgitant orifice size by the CDI study) 
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technically easier to obtain, this method is prone to errors, especially in dogs having 
dynamic regurgitant orifices [14]. Several studies found the VC and VC-derived 
variables were closely correlated with the severity of MR and survival time in dogs 
with MMVD [20–22]. One study found the mean (±SD) diameter of the mitral 
regurgitation vena contracta in a right parasternal long-axis (RPLx) view (VCR:Ao) 
and a left apical four-chamber view (VCL:Ao) indexed to aortic diameter were 
0.21 ± 0.14 and 0.24 ± 0.12, respectively, in dogs with MMVD [21]. Furthermore, 
the VCL:Ao > 0.24 was closely correlated with survival time (hazard ratio 4.87) [21].

2.2 Quantification of MR

The measurement of the flow convergence area by proximal isovelocity surface 
area (PISA) is a gold standard method to quantify the MR jet in humans [13]. 
Although one study found the PISA method was repeatable and reproducible 
in awake dogs [16], it is more time-consuming and requires several precautions 
to obtain the optimal acquisition of the flow convergence images in dogs with 
MMVD [14]. The regurgitation fraction (RF) obtained by the PISA can be used for 

Figure 1. 
(A) Semi-quantification of mitral regurgitation (MR). The maximal ratio of the regurgitant jet area signal to 
the left atrial area (ARJ/LAA ratio) was obtained from a left apical four-chamber view. The ARJ (1.12 cm2)/
LAA (2.12 cm2) of this case was 53%, indicating moderate MR. (B) the vena contracta diameter from a 
left apical four-chamber view (VCL) was measured as the diameter of the narrowest point of the mitral 
regurgitation jet, downstream of the region of proximal flow convergence.
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determining the severity of MR in dogs (e.g. mild if <30%, moderate if 30–75%, 
and severe if >75% of RF). Several studies found the RF was closely correlated 
with the severity of MMVD and other echocardiographic variables (e.g. LA/Ao and 
systolic PA pressure) [16, 23, 24]. However, one study found the MR quantification 
of the PISA method showed a wide range of RF (~33% asymptomatic MMVD dogs 
had moderate to severe RF) and thus is not routinely done in canine practice [16].

3. Assessment of left heart remodeling

Chronic and hemodynamically significant MR can cause LA and LV volume 
overload, leading to subsequent LA and LV enlargement. The severity of LA and LV 
remodeling can be assessed by LA to aortic root ratio (LA/Ao), indexed LA diam-
eter (iLA), LV end-diastolic internal dimension to aortic root ratio (LVID/Ao), and 
normalized LV end-diastolic internal dimension (nLVID).

3.1 LA assessment

Estimation of LA diameter is one of the best predictors of outcome in dogs with 
MMVD [25, 26]. It also enables to make a decision for the initiation of medication 
in dogs with preclinical MMVD (ACVIM B1 and B2) and to estimate the risk for 
development of left-sided CHF [27, 28]. Hemodynamically significant chronic MR 
generally induces LA volume overload and thus leads to increase in LA volume [29].

In dogs with MMVD, MR causes LA and LV dilation, and thus the assessments 
of LA and LV chamber dimensions enable clinicians to predict the progression of 
MMVD and risk of CHF [27, 30–33]. One study evaluated the linear dimensions of 
the LA, LV, and Ao from the right parasternal long-axis view in dogs with MMVD 
and found that the mean (standard deviation; SD) for LA/LV, LV/Ao, and LA/Ao in 
dogs with MMVD were 1.1 (±0.09), 2.7 (±0.5), and 3.0 (±0.5), respectively, com-
pared with 1.0 (±0.05), 2.1 (±0.2), and 2.1 (±0.1), respectively, in healthy control 
dogs [34]. This study showed good applicability and repeatability of the LA/LV, LV/
Ao, and LA/Ao for assessing LV and LA enlargement in dogs with MMVD [34].

Conventional echocardiographic marker assessing LA enlargement is LA/Ao at the 
aortic root level of LV short-axis plane (Figure 2A and B). The degree of LA dilation 
is closely related to the progression of CHF and survival time in both symptomatic 
and asymptomatic dogs with MMVD [23, 25, 35]. One study enrolled in 558 dogs with 
MMVD found LA/Ao > 1.7 was the only significant prognostic index among echocardio-
graphic indices [25]. Although the LA/Ao is a major echocardiographic index for deter-
mining the degree of LA dilation, the method for measuring the diameter of Ao is not 
standardized. The first method assessing LA size [36] was as follows: step 1 measures the 
internal short-axis diameter of the Ao along the commissure between the noncoronary 
and right coronary aortic valve cusps on the first frame after aortic valve closure and 
step 2 measures the internal short-axis diameter of the LA in the same frame in a line 
extending from and parallel to the commissure between the noncoronary and left coro-
nary aortic valve cusps to the distant margin of the left atrium (Figure 2A). However, 
many other studies used a different way of measurement (the second method), i.e. 
measuring the internal short-axis diameter of the Ao along the commissure between the 
noncoronary and left coronary aortic valve cusps on the first frame after aortic valve clo-
sure (Figure 2B). Our study found the Ao diameters measured by the first method were 
longer than those measured by the second method. Therefore, the LA/Ao measured by 
the first method was smaller [37]. Because the LA/Ao is a major echocardiographic index 
for selecting MMVD study groups for drug trials and clinical trials, the standardization 
of measurement of Ao diameter is required in the future study.
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To overcome the problem of LA/Ao at the short axis (LA/AoSx), the LA/Ao was 
also measured at the long axis (LA/AoLx) [34]. The method measuring LA/AoLx 
standardized and thus minimized the inconsistency of measurement of LA and Ao 
(Figure 2C and D). Several canine studies found cut-offs for LA/AoLx > 2.6 and 
LA/AoSx > 1.6 indicate hemodynamically relevant MMVD and timing of therapeu-
tic intervention (e.g. enalapril and pimobendan administration) [27, 33].

Indexed LA diameter (iLA) is a good alternative for assessing LA dilation 
[19]. The iLA is calculated by using the following formula: LA diameter (mm)/
(0.795 × body weight [kg])1/3. In this study, the iLA diameter had higher sensitivity 
and specificity for detecting heart disease (healthy control vs. ACVIM B2), despite 
lower specificity for detecting heart failure (ACVIM B vs. ACVIM C) in dogs with 
MMVD. Cut-off for iLA > 12.7 indicates the risk of heart failure (ACVIM C) in dogs 
with MMVD [19].

Because the actual structure of LA is three-dimensional (3D), the LA dilation 
may occur in all direction (e.g. cranio-caudal, medio-lateral, and ventrodorsal). 
Therefore, the degree of LA dilation may be overestimated or underestimated, 
depending on the direction of LA dilation [38, 39]. For this reason, traditional 
estimation of LA diameter using 2D assessment of LA with linear methods (e.g. 
LA/AoSx, LA/AoLx, iLA) may not be enough to provide an accurate and consistent 
measurement. One study measured the LA volume to detect mild LA enlargement 
using the three-dimensional echocardiography (3D-EC) and found this method 

Figure 2. 
The method for measurement of left atrial to aortic root ratio (LA/Ao). (A) A LA/Ao obtained from a right 
parasternal short axis (LA/AoSx) by method 1 (see text). (B) A LA/Ao obtained from a right parasternal 
short axis (LA/AoSx) by method 2 (see text). (C and D) A LA/Ao obtained from a right parasternal long axis 
(LA/AoLx). For LA diameter (C), the measurement was made at end-systole 1 to 2 frames before the opening 
of the mitral valve leaflets. The measurement bisects the atrium extending from the mid-atrial septum in the 
near field to the bright pericardial echo of the LA lateral wall in the far field and is roughly parallel to the 
mitral annulus. For Ao diameter (D), the measurement of the aortic valve was made between the opened aortic 
valve leaflets in an early systolic frame when the Ao diameter is the greatest.
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measurement. One study measured the LA volume to detect mild LA enlargement 
using the three-dimensional echocardiography (3D-EC) and found this method 

Figure 2. 
The method for measurement of left atrial to aortic root ratio (LA/Ao). (A) A LA/Ao obtained from a right 
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provided a more accurate measurement of LA size than the 2D echocardiography 
(2D-EC) [40]. Furthermore, the estimation of LA diameter and area by the 2D-EC 
was shown to have a poor correlation with the 3D-LA volume in humans [41]. 
However, it is more time-consuming, and substantial off-line analysis is required. 
Furthermore, the 3D-EC underestimated the LA volumes compared with magnetic 
resonance imaging (MRI) in human patients [42].

The area-length method (ALM; Figure 3A) or monoplane or biplane Simpson’s 
modified method of discs (SMOD; Figure 3B) is currently recommended to 
measure LA area derived from the LA volume [43–46]. In human, the biplane 
method from four- and two-chamber views is preferred to measure the LA volume 
[47]. One study evaluated the difference of LA volume measurement by compar-
ing 3D-LA volume measurement to two different 2D-LA volume measurements 
(using the SMOD and ALM) [48]. In this study, the SMOD and ALM systemati-
cally underestimated the LA volume by 7% and overestimated by 24%, respec-
tively, compared with 3D-LA volume (Figure 3C). One human study also found 
the SMOD underestimated the LA volume compared to the 3D-LA volume [49]. 
Therefore, the 2D-SMOD may be a better method for the estimation of LA volume, 
if the 3D-EC is not available. One study found the LA volume indices including LA 
maximal volume (LAVmax) and LA minimal volume (LAVmin) using the ALM 
was useful to predict survival time when cardiac-related death was only consid-
ered [50]. In this study, the LAVmax > 3.53 mL/kg indicated high mortality risk in 
dogs with MMVD.

Figure 3. 
Left atrial (LA) volume measured for three different methods at a left apical four-chamber view. (A) Area-
length method (ALM), (B) Simpson’s modified method of discs (SMOD), (C) real-time three-dimensional 
echocardiography (RT3DE).
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Evaluation of the LA function may help to determine the severity of heart failure 
in dogs with MMVD [40, 44]. The LA function consists of three components: it acts 
as a reservoir for pulmonary venous (PV) return during ventricular systole (atrial 
diastole), as a conduit for the passage of stored blood from LA to LV during early 
ventricular diastole and diastasis, and as an active pump delivering 15–30% of LV 
filling during late ventricular diastole (atrial systole) [51]. One study established 
reference intervals for the LA function using 2D linear and area-based estimates 
and evaluated the diagnostic value to differentiate dogs with asymptomatic 
(ACVIM B) from symptomatic (ACVIM C) MMVD [52]. This study evaluated four 
LA functional indices (Figure 4): the LA expansion index for LA reservoir, the LA 
active emptying fraction for LA contractile, the LA passive emptying fraction for 
LA conduit, and the LA total emptying fraction for LA reservoir. This study dem-
onstrated estimates of LA function except LA passive emptying fraction worsened 
with the severity of heart failure, although these indices were not sensitive enough 
to differentiate dogs with asymptomatic from symptomatic MMVD [52].

3.2 LV assessment

Chronic and hemodynamically significant MR can lead to the enlargement 
of the LV dimension. The degree of LV dilation was strongly correlated with the 
severity of heart failure in dogs with MMVD [53]. The LV internal dimension can 
be measured from the 2D or M-mode echocardiography by freezing the image at the 

Figure 4. 
Two-dimensional echocardiographic estimates of left atrial function. (A) the minimal left atrial diameter/
area was obtained at the first frame after mitral valve closure (late ventricular diastole), (B) maximal left 
atrial diameter were obtained at the last frame before opening of the mitral valve (early ventricular diastole), 
and (C) the mid-left atrial diameter/area was obtained at the onset of the p-wave on the ECG (diastasis).  
(D) The formula for LA function index.
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Two-dimensional echocardiographic estimates of left atrial function. (A) the minimal left atrial diameter/
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end-diastole and the end-systole (Figure 5). As described above, the LV internal 
dimension was significantly larger in dogs with MMVD [34]. However, the LV 
dimensions noticeably vary among breeds of dogs. Therefore, one study evaluated 
the allometric scaling of M-mode cardiac measurements in normal adult dogs and 
found a good correlation between M-mode measurements and BW after logarithmic 
transformation of the data [54]. Therefore, the M-mode-derived LV internal dimen-
sion at systole (LVIDs) and diastole (LVIDd) can be transformed into body weight-
indexed (normalized) LV internal dimension using the following formulas to obtain 
a more accurate estimation of LV dilation in dogs with MMVD:

• LV end-diastolic diameter normalized for body weight (LVIDdN) = LVIDd 
(cm)/weight (kg)0.294

• LV end-systolic diameter normalized for body weight (LVIDsN) = LVIDs (cm)/
weight (kg)0.315

LVIDdN ≥1.7 indicates dogs requiring cardiac medication (>ACVIM B2) [55].
Several studies also found that body surface area (BSA) indexed LV dimensions 

including end-diastolic index (EDVI) and end-systolic volume index (ESVI) could 
detect myocardial systolic dysfunction in dogs with MMVD [10, 11, 56]. The EDVI 
and ESVI can be obtained by the Teichholz formula [57]:

• EDVI = [7 × (LVIDd)3/(2.4 + LVIDd)]/BSA

• ESVI = [7 × (LVIDs)3/(2.4 + LVIDs)]/BSA

End-diastolic volume index and end-systolic volume index are obtained by 
dividing BSA, respectively [57]. Normal values of EDVI and ESVI are <100 and 
<30 mL/m2, respectively [57]. One study evaluated the diagnostic accuracy of ESVI 
using two different methods (i.e. the geometric [GM, based on Teichholz formula] 
and two planimetric methods [PM, Simpson’s derived and area-length methods]) 
and found that the GM overestimates ESVI in a nonlinear way [11]. However, the 

Figure 5. 
Measurement of left ventricular internal dimension. (A) M-mode echocardiography obtained from a right 
parasternal short axis at the papillary muscle level and (B and C) 2D echocardiography obtained from a right 
parasternal long axis at systole (B) and diastole (C).

39

Echocardiographic Features in Canine Myxomatous Mitral Valve Disease: An Animal Model…
DOI: http://dx.doi.org/10.5772/intechopen.91819

ESVI was correlated with the severity of CHF in dogs with MMVD [11]. A recent 
study also found the EDVI and ESVI obtained from the GM were overestimated and 
had poor diagnostic values in dogs with MMVD [19]. To overcome this limitation, 
the veterinary Teichholz formula has been proposed (Table 1).

Because sole use of LV dimension often leads to the misestimation of LV dila-
tion, the 2D and M-mode-derived LVIDd/Ao ratio is more appropriate and simpler 
for evaluating the degree of LV enlargement [14]. However, a recent study found the 
LVIDd/Ao ratio had high specificity and low sensitivity for detecting asymptomatic 
dogs from healthy control dogs and symptomatic dogs from asymptomatic dogs 
with MMVD [19].

Due to the LV dilation, the sphericity of the LV can be increased. One study 
revealed a significant decrease in the LV sphericity index in dogs with advanced 
MMVD [11]. The LV sphericity index can be calculated by the ratio of LV end-dia-
stolic length (at left apical two- or four-chamber plane; Figure 6A) to the M-mode 
LV end-diastolic diameter (Figure 6B).

4. Assessment of myocardial dysfunction

LV systolic function can be reduced on serial 2D-EC in some dogs with MMVD 
[10], as noticed in human with advanced CHF [58]. However, LV measurement for 
systolic function often complicates depending on the LV loading condition, and 
thus fractional shortening (%FS) and LV ejection fractions (%LVEF) are often 
increased in dogs with advanced MMVD. In many cases of canine MMVD, when 
cardiac output is reduced with the progression of MMVD, the LV wall motion 
becomes more hyperdynamic [10]. Therefore, echocardiographic indices with 
Doppler for assessing LV functions and filling pressures are often ambiguous by 
age-related impairment of LV relaxation, LA pressure overload by MR, and impact 

Figure 6. 
The left ventricular (LV) sphericity index was calculated by the ratio of LV end-diastolic length (at left apical 
four-chamber plane; A) to the M-mode LV end-diastolic diameter (B).

Dog

Diastolic volume LVd3 X 7/[2.4 + 3.7 X LVd/(0.795 X W1/3)]

Systolic volume LVs3 X 7/[2.4 + 5.9 X LVs/(0.795 X W1/3)]

LVd, Left ventricle end-diastolic diameter (in cm); LVs, left ventricle end-systolic diameter (in cm); W, weight in 
kilograms. From “Clinical Echocardiography of the Dog and Cat - E-Book (edited by Madron E, Chetboul V and 
Bussadori C), St Louis: Elsevier; 2016. pp. 115.

Table 1. 
Veterinary Teichholz method formulas for dogs.
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end-diastole and the end-systole (Figure 5). As described above, the LV internal 
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Figure 5. 
Measurement of left ventricular internal dimension. (A) M-mode echocardiography obtained from a right 
parasternal short axis at the papillary muscle level and (B and C) 2D echocardiography obtained from a right 
parasternal long axis at systole (B) and diastole (C).
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ESVI was correlated with the severity of CHF in dogs with MMVD [11]. A recent 
study also found the EDVI and ESVI obtained from the GM were overestimated and 
had poor diagnostic values in dogs with MMVD [19]. To overcome this limitation, 
the veterinary Teichholz formula has been proposed (Table 1).
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tion, the 2D and M-mode-derived LVIDd/Ao ratio is more appropriate and simpler 
for evaluating the degree of LV enlargement [14]. However, a recent study found the 
LVIDd/Ao ratio had high specificity and low sensitivity for detecting asymptomatic 
dogs from healthy control dogs and symptomatic dogs from asymptomatic dogs 
with MMVD [19].
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revealed a significant decrease in the LV sphericity index in dogs with advanced 
MMVD [11]. The LV sphericity index can be calculated by the ratio of LV end-dia-
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LV systolic function can be reduced on serial 2D-EC in some dogs with MMVD 
[10], as noticed in human with advanced CHF [58]. However, LV measurement for 
systolic function often complicates depending on the LV loading condition, and 
thus fractional shortening (%FS) and LV ejection fractions (%LVEF) are often 
increased in dogs with advanced MMVD. In many cases of canine MMVD, when 
cardiac output is reduced with the progression of MMVD, the LV wall motion 
becomes more hyperdynamic [10]. Therefore, echocardiographic indices with 
Doppler for assessing LV functions and filling pressures are often ambiguous by 
age-related impairment of LV relaxation, LA pressure overload by MR, and impact 
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on myocardial tissue velocities by LV loading condition. Therefore, echocardio-
graphic indices for LV systolic and diastolic function often lead to the misinterpre-
tation of LV function.

4.1 %FS and %LVEF

LV remodeling caused by chronic and hemodynamically significant MR is 
characterized by changes in LV geometry in response to chronic volume overload. 
The common echocardiographic indices for LV systolic myocardial function are 
%LVEF and %FS. The EF is the volumetric fraction of blood ejected from the LV in 
each heartbeat (LVEF = [end-diastolic volume − end-systolic volume]/end-diastolic 
volume × 100). The %FS is defined by the percent change in the dimension from 
end-diastole to end-systole (FS% = [LVIDd − LVIDs]/LVIDd × 100) [59]. As dis-
cussed earlier, %FS and %LVEF are reduced in human with myocardial dysfunction 
[58]; they are often increased in dogs with advanced MMVD due to hyperdynamic 
LV contraction from elevated preload and reduced afterload [19, 56]. Therefore, 
these two indices do not have good diagnostic value for detecting the progression of 
heart failure in dogs with MMVD [19].

4.2 Spectral Doppler studies

More advanced Doppler and tissue echocardiographic methods are being used 
for detecting LV dysfunction in dogs with MMVD to overcome problems encoun-
tered with the simple measurement of LV geometry.

Continuous-wave Doppler interrogation of MR flow profile can be affected by 
LA pressure, LV systolic function, and loading condition as well as systemic arterial 
pressure (SAP) (Figure 7A). Although the peak velocity of MR is closely related to 
MR fraction in the LA but not related to the severity of MMVD in dogs [19], dogs 
with LV systolic impairment and high LA pressure (as well as markedly reduced 
SAP) may have decreased peak MR velocity [14]. This may help to differentiate 
dogs with end-stage CHF from those with ACVIM C and D MMVD. Asymmetric 
MR flow profiles and a cut-off sign in mid to late systole are often noticed in dogs 
with the advanced stage of MMVD and are caused by reduction in MR flow due 
to high LA pressure (Figure 7B). The dp/dt is the rate of pressure change over 
time during isovolumic contraction and closely related to LV systolic function in 
humans (Figure 7A) [60]. However, the dp/dt in dogs with MMVD has limited 

Figure 7. 
Continuous-wave (CW) Doppler flow profile obtained from dogs with severe mitral regurgitation (MR). 
(A) The MR peak velocity and pressure gradient were 5.69 m/s and 129.5 mmHg, respectively, in this dog. (B) 
Asymmetric MR flow profiles and cut-off signs (arrow) in mid to late systole obtained from the advanced stage 
of mitral valve disease (see text).
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value, because most MMVD dogs may have high peak velocity and asymmetric MR 
profiles, regardless of the severity of MMVD [18], although some authors proposed 
its use for detecting LV systolic function [2].

Pulse-wave Doppler interrogation of transmitral flow profile is closely correlated 
with the stage of MMVD in dogs [14, 18, 19]. The transmitral flow profile consists 
of an early E-peak (rapid LV filling) and a late diastolic A-peak (atrial contraction) 
and is closely related to diastolic LV function (LV relaxation/compliance, LV volume 
overload/pressure overload, and recoil) as well as LV filling pressure (Figure 8A) 
[61, 62]. Although E/A reversal (E/A < 1) is common in the aged canine popula-
tion, E-peak is higher than A-peak in general canine population (i.e. E/A < 1). One 
study found 0.87 ± 0.13 m/s (E-peak) and 0.61 ± 0.12 m/s (A-peak) in 100 healthy 
dogs [63]. A high-velocity E-peak (>1.5 m/s) indicates marked elevation of LA 
pressure [10] and is correlated with severity of CHF and survival time in dogs with 
MMVD [18, 19, 23, 25]. Generally, a higher E-peak with a shorter E deceleration 
time (<80 ms in dogs older than 10–12 years) indicates marked LA pressure over-
load and non-compliant LV, while an E/A ratio <1 and/or a prolonged E deceleration 
time indicates impaired relaxation [10]. Because the E-peak velocity is increased 
with the elevation of LA pressure whereas decreased with impairment of LV relax-
ation, transmitral flow profile sometimes misleads the severity of LV myocardial 
dysfunction. However, myocardial and annular velocities are less load-dependent 
than transmitral flow profile, and thus the E/e (the early longitudinal mitral 
annular velocity measured by tissue Doppler imaging) ratio is found to better reflect 
LV filling pressure in dogs with MMVD [61]. A decrease in e-peak at mitral annulus 

Figure 8. 
Transmitral E/e ratio and E/IVRT (the isovolumic relaxation time). (A and B) Transmitral E-peak obtained 
from a left apical four-chamber plane and tissue Doppler imaging of lateral e-peak obtained from a left 
apical four-chamber plane. (C and D) Transmitral E-peak obtained from a left apical four-chamber plane. 
By moving sampling gate towards the midline of the aorta and mitral annulus, aortic and mitral flows were 
obtained simultaneously. The IVRT was measured from the end of the aortic flow to the beginning of the mitral 
E-peak.
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on myocardial tissue velocities by LV loading condition. Therefore, echocardio-
graphic indices for LV systolic and diastolic function often lead to the misinterpre-
tation of LV function.
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LV contraction from elevated preload and reduced afterload [19, 56]. Therefore, 
these two indices do not have good diagnostic value for detecting the progression of 
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for detecting LV dysfunction in dogs with MMVD to overcome problems encoun-
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SAP) may have decreased peak MR velocity [14]. This may help to differentiate 
dogs with end-stage CHF from those with ACVIM C and D MMVD. Asymmetric 
MR flow profiles and a cut-off sign in mid to late systole are often noticed in dogs 
with the advanced stage of MMVD and are caused by reduction in MR flow due 
to high LA pressure (Figure 7B). The dp/dt is the rate of pressure change over 
time during isovolumic contraction and closely related to LV systolic function in 
humans (Figure 7A) [60]. However, the dp/dt in dogs with MMVD has limited 
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Continuous-wave (CW) Doppler flow profile obtained from dogs with severe mitral regurgitation (MR). 
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value, because most MMVD dogs may have high peak velocity and asymmetric MR 
profiles, regardless of the severity of MMVD [18], although some authors proposed 
its use for detecting LV systolic function [2].

Pulse-wave Doppler interrogation of transmitral flow profile is closely correlated 
with the stage of MMVD in dogs [14, 18, 19]. The transmitral flow profile consists 
of an early E-peak (rapid LV filling) and a late diastolic A-peak (atrial contraction) 
and is closely related to diastolic LV function (LV relaxation/compliance, LV volume 
overload/pressure overload, and recoil) as well as LV filling pressure (Figure 8A) 
[61, 62]. Although E/A reversal (E/A < 1) is common in the aged canine popula-
tion, E-peak is higher than A-peak in general canine population (i.e. E/A < 1). One 
study found 0.87 ± 0.13 m/s (E-peak) and 0.61 ± 0.12 m/s (A-peak) in 100 healthy 
dogs [63]. A high-velocity E-peak (>1.5 m/s) indicates marked elevation of LA 
pressure [10] and is correlated with severity of CHF and survival time in dogs with 
MMVD [18, 19, 23, 25]. Generally, a higher E-peak with a shorter E deceleration 
time (<80 ms in dogs older than 10–12 years) indicates marked LA pressure over-
load and non-compliant LV, while an E/A ratio <1 and/or a prolonged E deceleration 
time indicates impaired relaxation [10]. Because the E-peak velocity is increased 
with the elevation of LA pressure whereas decreased with impairment of LV relax-
ation, transmitral flow profile sometimes misleads the severity of LV myocardial 
dysfunction. However, myocardial and annular velocities are less load-dependent 
than transmitral flow profile, and thus the E/e (the early longitudinal mitral 
annular velocity measured by tissue Doppler imaging) ratio is found to better reflect 
LV filling pressure in dogs with MMVD [61]. A decrease in e-peak at mitral annulus 

Figure 8. 
Transmitral E/e ratio and E/IVRT (the isovolumic relaxation time). (A and B) Transmitral E-peak obtained 
from a left apical four-chamber plane and tissue Doppler imaging of lateral e-peak obtained from a left 
apical four-chamber plane. (C and D) Transmitral E-peak obtained from a left apical four-chamber plane. 
By moving sampling gate towards the midline of the aorta and mitral annulus, aortic and mitral flows were 
obtained simultaneously. The IVRT was measured from the end of the aortic flow to the beginning of the mitral 
E-peak.
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indicates impaired relaxation. One study revealed an E/e ratio >9 was equivalent 
to >20 mmHg of LA pressure (95% probability in a canine model of acute MR) 
(Figure 8B) [61]. Furthermore, >12 of E/e along with a high E-peak velocity was 
able to detect the presence of CHF in this study population [61]. One recent study 
also demonstrated an E/e cut-off value of 13 identifies CHF with high sensitivity 
(80%) and high specificity (83%) [64]. Although the e-peak is less affected by LV 
loading condition, it can be also affected by age and severe LV volume overload, 
and thus the E/e ratio may have limited value in this situation [14]. Several studies 
demonstrated E-peak/isovolumic relaxation time (E/IVRT) was correlated with 
LA pressure and end-diastolic LV pressure in dogs (Figure 8C and D) [62, 65, 66]. 
The IVRT may be decreased with the elevation of LV filling pressure. One study 
suggested the E/IVRT ratio >2.5 and an IVRT <45 ms might indicate the presence of 
CHF in dogs with advanced MMVD [62]. PW Doppler interrogation of the pulmo-
nary venous flow profile gains popularity to determine LA volume and pressure 
overload by severe MR in humans [67]. However, it has limited value in dogs with 
MMVD, due to technical difficulty (e.g. PV usually locates at the far-end of an echo-
cardiographic window) and poor-quality PV profiles (e.g. MR flow often enters into 
the PV) [14]. The LV Tei index (LV Tei = [IVRT + IVCT + LVET]/LVET, IVCT stands 
for the isovolumic contraction time) is a valuable index for detecting LV systolic 
and diastolic dysfunction simultaneously in human with CHF (Figure 9) [68]. A 
human study found shortened LVET/increased LV Tei index in patients with systolic 
dysfunction and increased mitral valve closure time and Tei index in humans with 
diastolic dysfunction [69, 70]. One canine study found the LV Tei was closely related 
to LV dp/dt and was increased with the severity of MMVD [71]. However, in dogs 
with moderate to severe MR, the IVRT and IVCT are often too short or not detect-
able [14]. Therefore, the Tei index is rarely used in veterinary fields.

5. Assessment of pulmonary hypertension

Pulmonary venous hypertension (PVH) is a common cause of pulmonary hyper-
tension (PH) in dogs and is prevalent in dogs with MMVD, especially in dogs with the 
advanced stage of CHF [7, 62, 72]. Gold standard methods detecting PH in dogs are 
Doppler assessment of peak tricuspid regurgitation (TR) and pulmonic regurgitation 
(PR) jet velocities [7]. One study demonstrated the Doppler evidence of PH was more 
evidenced in dogs with more advanced MMVD [7]. Another study also found that 
dogs having moderate to severe PH had a poorer outcome than in MMVD dogs [72].

Figure 9. 
Two methods for measuring left ventricular (LV) Tei index. (A) Tissue Doppler imaging at the mitral annulus 
and (B) Pulse-wave Doppler interrogation at the midline of the aorta and mitral annulus (see Figure 8D for 
the measurement). (See text for more information).
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5.1 Doppler interrogation of TR and PR jets

The peak velocity of TR jet (obtained from either a right parasternal short-axis 
view or a left parasternal four-chamber view) represents the systolic pulmonary 
artery pressure (sPAP) if there is no right ventricular outflow tract (RVOT) 
obstruction [73]. The systolic pulmonary artery pressure can be calculated by 
applying the modified Bernoulli equation (ΔP = 4 × velocity2) to the peak velocity 
of TR (Figure 10A) or PR jets (Figure 10B) and adding the right atrial pressure 
(RAP): ΔP + π right atrium. The estimated right atrial pressure is 5 mmHg in 
dogs without any evidence of RA dilation; 10 mmHg in dogs with evidence of 
RA dilation, but no signs of right-sided heart failure (R-HF); and 15 mmHg in 
dogs with evidence of RA dilation and clinical signs of R-HF. Then mean pulmo-
nary arterial pressure (mPAP) can be calculated using the following equation: 
mPAP = 0.61 × sPAP +2. In dogs having the only PR, the mPAP can be calculated 
using the following equation: PR peak pressure gradient + RAP. A mPAP <25 mmHg 
is considered normal, while mPAP 25–40 (equivalent to 2.8–3.4 m/s of peak TR 
velocity), 41–55 (3.4–4.3 m/s), and >55 mmHg (>4.3 m/s) are considered mild, 
moderate, and severe, respectively [73]. Because the peak velocity is closely cor-
related with the beam alignment of jet, it often underestimates the severity of PH, 
if the beam is not parallel to jet [18]. Another study also claimed that the Doppler 
estimation of SAP often overestimated PH in dogs with MMVD [73]. Since some 
dogs with PH may have no or insufficient Doppler evidence of PH (e.g. TR or PR 
jets), other echocardiographic evidence of PH should be pursued in dogs having 
R-CHF signs or persistent coughing [14]. Despite these limitations, canine studies 
found the SAP showed good prognostic value for detecting the progression of CHF 
and the survival time in dogs with MMVD [7, 62, 72].

5.2 2D-EC evidence of PA/RVOT dilation

The 2D-EC evidence of PA/RVOT dilation is the simplest way to detect the 
existence of PH in dogs with MMVD [35, 74–77]. Since chronic pressure overload 
and volume overload in RV can cause RV concentric hypertrophy (thickened 
RV free wall) and eccentric hypertrophy (RV dilation), respectively, simple 2D 
measurements of RV free wall thickness and dimension may help to identify dogs 
with PH [74, 78]. Furthermore, LV eccentricity (obtained from right parasternal 
short-axis view at papillary level; a ratio of longitudinal to the transverse length of 
LV chamber; Figure 11C) is also a simple echocardiographic index for detecting the 
existence of PH in dogs [78]. Two studies found the LV eccentricity becomes <1, as 

Figure 10. 
Echocardiographic evidence of pulmonary hypertension. Continuous-wave Doppler study showing severe 
tricuspid regurgitation (A) and pulmonic regurgitation (B). (See text for more information).
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indicates impaired relaxation. One study revealed an E/e ratio >9 was equivalent 
to >20 mmHg of LA pressure (95% probability in a canine model of acute MR) 
(Figure 8B) [61]. Furthermore, >12 of E/e along with a high E-peak velocity was 
able to detect the presence of CHF in this study population [61]. One recent study 
also demonstrated an E/e cut-off value of 13 identifies CHF with high sensitivity 
(80%) and high specificity (83%) [64]. Although the e-peak is less affected by LV 
loading condition, it can be also affected by age and severe LV volume overload, 
and thus the E/e ratio may have limited value in this situation [14]. Several studies 
demonstrated E-peak/isovolumic relaxation time (E/IVRT) was correlated with 
LA pressure and end-diastolic LV pressure in dogs (Figure 8C and D) [62, 65, 66]. 
The IVRT may be decreased with the elevation of LV filling pressure. One study 
suggested the E/IVRT ratio >2.5 and an IVRT <45 ms might indicate the presence of 
CHF in dogs with advanced MMVD [62]. PW Doppler interrogation of the pulmo-
nary venous flow profile gains popularity to determine LA volume and pressure 
overload by severe MR in humans [67]. However, it has limited value in dogs with 
MMVD, due to technical difficulty (e.g. PV usually locates at the far-end of an echo-
cardiographic window) and poor-quality PV profiles (e.g. MR flow often enters into 
the PV) [14]. The LV Tei index (LV Tei = [IVRT + IVCT + LVET]/LVET, IVCT stands 
for the isovolumic contraction time) is a valuable index for detecting LV systolic 
and diastolic dysfunction simultaneously in human with CHF (Figure 9) [68]. A 
human study found shortened LVET/increased LV Tei index in patients with systolic 
dysfunction and increased mitral valve closure time and Tei index in humans with 
diastolic dysfunction [69, 70]. One canine study found the LV Tei was closely related 
to LV dp/dt and was increased with the severity of MMVD [71]. However, in dogs 
with moderate to severe MR, the IVRT and IVCT are often too short or not detect-
able [14]. Therefore, the Tei index is rarely used in veterinary fields.

5. Assessment of pulmonary hypertension

Pulmonary venous hypertension (PVH) is a common cause of pulmonary hyper-
tension (PH) in dogs and is prevalent in dogs with MMVD, especially in dogs with the 
advanced stage of CHF [7, 62, 72]. Gold standard methods detecting PH in dogs are 
Doppler assessment of peak tricuspid regurgitation (TR) and pulmonic regurgitation 
(PR) jet velocities [7]. One study demonstrated the Doppler evidence of PH was more 
evidenced in dogs with more advanced MMVD [7]. Another study also found that 
dogs having moderate to severe PH had a poorer outcome than in MMVD dogs [72].
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Two methods for measuring left ventricular (LV) Tei index. (A) Tissue Doppler imaging at the mitral annulus 
and (B) Pulse-wave Doppler interrogation at the midline of the aorta and mitral annulus (see Figure 8D for 
the measurement). (See text for more information).
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of TR (Figure 10A) or PR jets (Figure 10B) and adding the right atrial pressure 
(RAP): ΔP + π right atrium. The estimated right atrial pressure is 5 mmHg in 
dogs without any evidence of RA dilation; 10 mmHg in dogs with evidence of 
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dogs with evidence of RA dilation and clinical signs of R-HF. Then mean pulmo-
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existence of PH in dogs [78]. Two studies found the LV eccentricity becomes <1, as 

Figure 10. 
Echocardiographic evidence of pulmonary hypertension. Continuous-wave Doppler study showing severe 
tricuspid regurgitation (A) and pulmonic regurgitation (B). (See text for more information).
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the RV pressure becomes higher than the LV pressure (as commonly seen in dogs 
with PH) [74, 79].

In normal dogs, the diameters of the main pulmonary artery (MPA) are roughly 
identical, and thus MPA/Ao ratio should be close to 1 (Figure 11D). Therefore, MPA/Ao 
ratio > 1 indicates the PA dilation meaning the existence of PH, unless there is RVOT 
obstruction. Many studies revealed the dilation of MPA in dogs with PH [35, 74–77].

Right pulmonary artery distensibility index (RPADi) is the difference in 
diameters of the right pulmonary artery (RPA) at systole and diastole obtained 
from either M-mode right parasternal short-axis (Figure 11A and B) or long-axis 
four-chamber view (Figure 12A) of PA [77, 80]. One canine study suggested that a 
RPADi <35 is indicative of PH, while values of 28–35, 23–27, and <23 are indicative 
of mild (30–55 mmHg), moderate (56–79 mm Hg), and severe PH (>79 mm Hg), 
respectively [80]. Further study also found that the RPADi was closely correlated 
with the sPAP [77]. However, the reference range of RPADi was significantly differ-
ent, depending on the echocardiographic views [77, 80].

RVOT-%FS indicates RV systolic function and can be obtained from M-mode 
measurement of the RVOT of the right parasternal short-axis view at the level 
of the aortic root using the following formula: ([RVOT dimensions at end-dias-
tole − RVOT dimensions at end-systole]/RVOT dimensions at end-diastole) × 100 
(Figure 12B) [81]. One recent canine study found the RVOT-%FS is significantly 
decreased (<45%) in dogs with PH [82]. However, the RVOT-%FS can be affected 
by other diseases causing RV systolic dysfunction.

Figure 11. 
2D echocardiographic interrogation of pulmonary hypertension. (A and B) right pulmonary artery 
distensibility index (RPADi) is the difference in diameters of the right pulmonary artery (RPA) at systole 
(A) and diastole (B) obtained from either 2D or M-mode echocardiography at a right parasternal short axis 
of PA. (C) Left ventricular (LV) eccentricity obtained from right parasternal short-axis view at papillary 
level (a ratio of longitudinal to the transverse length of LV chamber). (D) The ratio of main pulmonary 
artery diameter to aortic root diameter obtained at a right parasternal short axis of PA. (See text for more 
information).
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Tricuspid annular plane systolic excursion (TAPSE) also reflects RV systolic 
function, which can be significantly affected by RV pressure overload [83]. Recent 
canine studies found dogs with PH had lower TAPSE, indicating pressure overload 
in the RV chamber [75, 84]. The TAPSE can be obtained from M-mode echocar-
diography that aligned the beam to the lateral tricuspid annulus in the left apical 
long-axis four-chamber view by calculating the maximal and the minimal excursion 
of lateral tricuspid annulus motion (Figure 12C) as similar to the measurement of 
mitral annular plane systolic excursion (MAPSE; Figure 12D). However, the TAPSE 
is influenced from the size of dogs; recent studies used body weight-normalized 
TAPSE (nTAPSE = TAPSE/[BW(kg)]1/3) and TAPSE to Ao ratio to overcome 
the influence of body size [82, 85]. The median (range) of nTAPSEs were 0.60 
(0.53–0.66) in ACVIM B1, 0.71 (0.64–0.84) in B2, and 0.73 (0.58–0.80) in C and 
D MMVD dogs [85]. Other study found the TAPSE/Ao ratio was closely correlated 
with the size of the LA in dogs with MMVD and PH [82]. The TAPSE/Ao ratio <0.65 
was indicative of the presence of PH in dogs with MMVD, although it showed low 
sensitivity for detecting PH [82].

5.3 Doppler interrogation of PA flow profiles and related variables

Several studies evaluated quantitative echocardiographic variables related to 
PH in humans and dogs [78, 86–89]. Among those echocardiographic variables, 
PW Doppler-derived acceleration time to peak PA flow velocity (AT), AT to the 
ejection time of PA flow ratio (AT/ET) (Figure 13A) [86], the right ventricular Tei 

Figure 12. 
2D and M-mode echocardiographic interrogation of pulmonary hypertension. (A) Right pulmonary artery 
distensibility index (RPADi) can be obtained from a right parasternal long axis of four-chamber plane 
(arrow). (B) Right ventricular outflow tract fractional shortening (RVOT-%FS) obtained from M-mode 
measurement of the RVOT of the right parasternal short-axis view at the level of the aortic root. Tricuspid 
(TAPSE; C) and mitral (MAPSE; D) annular plane systolic excursion obtained from a left apical  
four-chamber plane of M-mode echocardiography. (See text for more information).
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function, which can be significantly affected by RV pressure overload [83]. Recent 
canine studies found dogs with PH had lower TAPSE, indicating pressure overload 
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with the size of the LA in dogs with MMVD and PH [82]. The TAPSE/Ao ratio <0.65 
was indicative of the presence of PH in dogs with MMVD, although it showed low 
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ejection time of PA flow ratio (AT/ET) (Figure 13A) [86], the right ventricular Tei 

Figure 12. 
2D and M-mode echocardiographic interrogation of pulmonary hypertension. (A) Right pulmonary artery 
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index (RV Tei) (Figure 13B and D) [89], and Doppler pulmonic outflow profiles 
(Figure 13C) [90] are being used to interrogate PH in dogs. One study found AT, 
AT/ET ratio, and RV Tei index are strongly correlated with sPAP in dogs without 
detectable PR [35]. Especially, AT/ET ratios ≤0.25 were predictive of PH, whereas 
AT/ET ratios >0.42 ruled out PH [86]. However, other study found Doppler esti-
mated mPAP was strongly associated with AT and AT/ET, but weakly associated 
with RV Tei index [90]. Over 50% of dogs in International Small Animal Cardiac 
Health Council (ISACHC) II and III had equivocal value of AT/ET indicating PH 
(0.25–0.42) in this study, suggesting low sensitivity for detecting PH, although 
most dogs having <0.25 had detectible TR or PR on echocardiography, indicating 
high specificity for detecting clinically significant PH [90]. This study also found 
Doppler pulmonic outflow profiles were closely associated with severity of PH 
in dogs with MMVD, since the Doppler pulmonic outflow profiles (type I/II/III) 
were 18/0/0 in control, 22/5/1 in ISACHC I, 21/24/2 in ISACHC II, and 17/40/4 in 
ISACHC III MMVD dogs [90]. The PW Doppler-derived echocardiographic vari-
ables of PA flow may have limited value in dogs with hyperdynamic RV condition 
because Doppler pulmonic outflow profiles can be influenced by RV loading condi-
tions and systolic function [90]. Although RV-TDI may not be a direct indicator 
of PH, it can be used to evaluate RV systolic and diastolic function in PH patients. 
It can be obtained from the basal segment of the internal mid-portion of the RV 
wall in the left parasternal long-axis four-chamber view (Figure 13D). One study 
evaluated the diagnostic value of peak RV myocardial velocities at systole (Stdi), 
early (Etdi), and late (Atdi) diastole [35]. Also the global TDI index was calculated 
using the following formula in this study: global TDI index = Stdi × Etdi/Atdi [35]. 

Figure 13. 
Pulse-wave and tissue Doppler interrogation of pulmonary hypertension. (A) PW Doppler-derived 
acceleration time (AT) to peak pulmonary artery (PA) flow velocity (AT), AT to the ejection time (ET) of 
PA flow ratio (AT/ET). (B) Tissue Doppler-derived right ventricular Tei index (RV Tei), (C) PW Doppler-
derived pulmonic outflow profiles, (D) PW Doppler-derived RV Tei index. (See text for more information).
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This study demonstrated the decrement of the global TDI index and Etdi/Atdi in 
dogs with PH [35]. Furthermore, global TDI index of <11.8 showed sensitivity of 
89% and specificity of 90%, while Etdi/Atdi of <1.12 showed sensitivity of 89% and 
specificity of 93% for detecting PH in the study population [35].

6. Assessment of cardiac chamber deformation/dyssynchrony

Strain and strain rate imaging is an advanced echocardiographic technique 
for estimating myocardial segmental deformation, respectively [12, 91]. 
Myocardial strain (i.e., deformation of a myocardial segment over time; % 
change from its original dimension) and strain rate (the rate of myocardial 
deformation; S−1) can evaluate more direct intrinsic myocardial function and 
are less angle-dependent than TDI-based methods [92–94]. Strain and strain 
rate can be obtained from LV, LA, and RV wall using STE, feature-tracking 
echocardiography (FTE), or color TDI technology in the longitudinal, radial, 
and circumferential planes (Figure 14) [83]. Speckle tracking can detect the 
degree of myocardial deformation from the continuous frame-by-frame tracking 
of speckles (acoustic markers). By tracking these speckles in the myocardium 
throughout the cardiac cycle, the direction and velocity of myocardial motion 
can be determined. By comparing the motion of each speckle, the degree of 
deformation on each segment of the myocardium can be assessed.

Although precise assessment of LV systolic dysfunction is critical for therapeutic 
intervention and prediction of progression of CHF in dogs with MMVD, assess-
ment of LV function using conventional echocardiography is often complicated 

Figure 14. 
Representative images of left atrial (LA) and ventricular (LV) strain and strain rate imaging for LA and LV 
deformation analysis in dogs with mitral regurgitation. (A and B) LV (A) and LA (B) strain profiles obtained 
from GE analysis software algorithm (EchoPAC). (C and D) LV (C) and LA (D) strain profiles obtained from 
Siemens vector velocity imaging (VVI). (See text for more information).
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89% and specificity of 90%, while Etdi/Atdi of <1.12 showed sensitivity of 89% and 
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6. Assessment of cardiac chamber deformation/dyssynchrony

Strain and strain rate imaging is an advanced echocardiographic technique 
for estimating myocardial segmental deformation, respectively [12, 91]. 
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with loading conditions [95]. Several studies demonstrated strain and strain rate 
obtained from the 2D-STE were useful to grade the progression of dogs with 
MMVD [95–98]. One study claimed the longitudinal strain with the GE analysis 
software algorithm (EchoPAC) was inconsistent and less repeatable, while radial 
strain curves from short-axis images were more consistent and more repeatable 
(Figure 14A and B) [95]. Since the software algorithm for strain is automated, 
special attention should be focused on “(1) timing of the ECG to select the cardiac 
cycle and the onset and duration of analysis; (2) tracing of the endocardial border 
for automated detection; (3) inspecting the region of interest; (4) following the 
tissue tracking in real-time and slow-motion; and (5) inspecting the generated 
curves relative to the R-waves and aortic valve closure (AVC)” as described in Smith 
et al. [95]. A velocity vector imaging (VVI) is another form of strain analysis, which 
can display tissue velocity as a vector showing the amplitude and direction of the 
movement (Figure 14C and D) [99].

Atrial myocardial deformation profiles estimated by TDI and 2D-STE (e.g. 
strain and strain rate) have been recently emerged as a good alternative method 
of exploring LA mechanics in both humans and dogs [100–103]. Although many 
drawbacks of this approach were noticed (e.g. suboptimal reproducibility, angle 
dependence, and the confounding effect of noise artifacts), 2D-STE can be a 
more advanced angle-independent echocardiographic technique for the direct 
evaluation of LA function than standard grayscale echocardiographic images 
[100–103]. The specific STE variables subject to the LA function include peak 
atrial longitudinal average strain (PALS), peak atrial contraction average strain 
(PACS), and contraction strain index (CSI), which reflect the LA function during 
its reservoir, booster pump phase, and the contribution of LA active contraction 
to the LV filling phase (Figure 14B) [104]. In humans, LA strain analysis has 
been useful for grading patients with valvular diseases, atrial fibrillation, or acute 
coronary disease [105–107]. However, a recent canine study found the STE vari-
ables were not significantly different between ACVIM B1 and B2 groups, although 
those (especially, PALS) were significantly different between ACVIM B2 and C 
groups [108]. The use of cut-off for PALS <27.9% enables to perfectly differentiate 
dogs in ACVIM stage B2 from those in ACVIM stage C with a sensitivity of 100% 
and specificity of 100% [108]. Another study also demonstrated the STE variables 
including PALS, PACS, and CSI were significantly decreased with the progres-
sion of MMVD [103]. A further study from this study group also found the STE 
variables (PALS <30% and CSI per 1% increase) were predictors of cardiac death 
in the univariate analysis [109].

Since the RV chamber is crescent-shaped and is wrapped around the LV, precise 
echocardiographic assessment of RV function is often difficult. The TDI and STE 
can overcome this limitation as reported in human studies [110, 111]. Recent canine 
study found the STE on RV was applicable and repeatable in healthy dogs [93]. 
Furthermore, other study demonstrated the RV longitudinal strain and the dys-
synchrony index were significantly different from control dogs [75]. In this study, 
the global, free wall, and septal RV longitudinal strain in dogs with precapillary PH 
were significantly lower than those in control, while free wall and septal systolic 
shortening time strain were significantly slower [75].

7. Conclusion

In this chapter, we described echocardiographic features of MMVD in dogs 
along with human echocardiographic criteria of MR. Although there are many 
similarities for diagnosing and grading the severity of MR in both species, 
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veterinary cardiologists are more focused on the severity of cardiac remodel-
ing and cardiac dysfunction caused by MR, because surgical restoration of 
defected mitral apparatus is rarely done in dogs. Recent canine studies also found 
advanced ultrasound technologies, such as strain and strain rate imaging, and 
two-dimensional speckle tracking echocardiography were also applicable for dogs 
with MMVD, although more studies are warranted for standardizing the method 
of assessment in dogs. The authors believe that this chapter would be a valuable 
reference for veterinary and human cardiologists and researchers for understand-
ing mitral valve disease.
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Chapter 4

Cardio-Oncology: The Role of 
Echocardiography in Cancer 
Patients
Theodoros Ntoskas

Abstract

Cardio-oncology is a rapidly emerging medical field that focusses on the 
improvement of the quality of life of cancer patients by preventing and treating the 
adverse cardiovascular complications of cancer therapy. Early recognition of cancer 
therapy-related cardiac dysfunction (CTRCD) provides an opportunity to mitigate 
cardiac injury and risk of developing late cardiac events. Cardiac imaging, and in 
particular, transthoracic echocardiography, plays an essential role in the baseline 
assessment, the detection and the surveillance of CRTCD in patients during and 
after the cancer therapy. Although the frequency of screening for the cardiotoxic-
ity in patients undergoing active treatments and cancer survivors remains a topic 
of debate and ongoing research, echocardiography continues to be the leader for 
continuous monitoring by imaging due to the wide availability, lack of exposure 
to radiation, ability to recognise the effects on cardiac function and assess hae-
modynamics and other cardiac structures. The cardiac imaging applied to cardio-
oncology includes standard and advanced (speckle tracking and three-dimensional 
(3D)) echocardiography.

Keywords: cardio-oncology, echocardiography, cancer, cardiotoxicity, heart failure, 
global longitudinal strain

1. Introduction

Advances in treatment have led to improved survival of patients with cancer 
but have also increased morbidity and mortality due to treatment side effects [1, 2]. 
Chemotherapy and radiation therapy can put patients at risk for a variety of cardio-
vascular complications including heart failure, coronary artery disease, peripheral 
vascular disease, thromboembolism, pericardial disease and valvular heart disease. 
Cardiovascular disease is now the second leading cause of morbidity and mortality 
in cancer survivors [3]. Cancer patients receiving therapy with known cardiac risk 
require close monitoring during and after treatment. In current cardio-oncology 
practice, echocardiography is the most widely used technique in the diagnosis, 
prevention and risk stratification of CTRCD in patients during and after cancer 
therapy. The utility of the advanced echocardiography is emerging as the three-
dimensional echocardiography derived left ventricular ejection fraction (LVEF) 
has an excellent correlation with cardiac magnetic resonance imaging and can be 
used to monitor LVEF and the two-dimensional speckle tracking echocardiography 
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(2D-STE) derived strain and strain rate can detect changes in myocardial mechan-
ics before changes in LVEF occur.

2. Cardiovascular complications of cancer therapy

Cancer treatment can cause various types of cardiovascular (CV) complica-
tions. Different cancer therapies have different CV complications. Cancer therapy 
toxicity is related to the mechanism of action of the drugs, the doses, the manner 
of administration and the underlying predisposing factors such as cardiac condi-
tions, genetic pattern and age, and it can manifest itself immediately or many years 
after the treatment. Table 1 summarises a variety of anti-cancer therapies and their 
associated complications, including myocardial dysfunction, heart failure, coro-
nary artery disease, valvular heart disease, arrhythmias, hypertension, peripheral 
vascular disease, stroke and pulmonary hypertension [4].

Echocardiography is a non-invasive method that can perform a comprehensive 
evaluation in all stages of cancer treatment and detect myocardial, coronary, valve, 
pulmonary hypertension and pericardial disease complications secondary to the 
therapeutic regimen used (radiotherapy and/or chemotherapy).

3. Definition of CTRCD

Myocardial dysfunction and heart failure are the most concerning cardiovascular 
complications of cancer therapies and cause an increase in morbidity and mortality. 
Different definitions of CTRCD have been used historically [5]. Guidelines from 
cardiac societies [4, 6] define cardiotoxicity when the left ventricular (LV) ejection 
fraction (EF) falls to a value below the lower limit of normal (e.g. 53% in American 
Society of Echocardiography [ASE] guidelines) with more than a 10-percentage 
point reduction. As per the ESMO guidelines, the cut-off is 50% [7], at which 

Cardiovascular toxicity Anti-cancer therapy

Myocardial dysfunction and 
heart failure

Anthracyclines (doxorubicin, idarubicin and epirubicin), anti-HER2 
(trastuzumab), VEGF inhibitors, cyclophosphamide, cisplatin, 
ifosfamide and taxanes (paclitaxel and docetaxel)

Vasospasm or vasoocclusion 
resulting in angina or myocardial 
infarction

Fluoropyrimidines (5-FU, capecitabine and gemcitabine), platinum 
compounds (cisplatin), VEGF inhibitors (bevacizumab, sorafenib and 
sunitinib) and radiotherapy

Valvular disease Radiotherapy

Arrhythmias Anthracyclines, histone deacetylase inhibitors, tyrosine kinase 
inhibitors (TKIs) (especially vandetanib high incidence of QT 
prolongation)

Arterial hypertension VEGF inhibitors

Peripheral vascular disease and 
stroke

Nilotinib, ponatinib or BCR-ABL tyrosine kinase inhibitors, 
radiotherapy. L-asparaginase, cisplatin, methotrexate, 5-FU and 
paclitaxel can cause Raynaud’s phenomenon

Pulmonary hypertension TKI (dasatinib), the TKI imatinib improved haemodynamics in 
patients with advanced pulmonary arterial hypertension

Abbreviations: HER2, human epidermal growth factor receptor 2; VEGF, vascular endothelial growth factor.

Table 1. 
Cancer drug agents associated with cardiovascular toxicity.
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point cardio-protection should be considered [8]. ASE/European Association 
of Cardiovascular Imaging (EACVI) further classifies CRTCD into either those 
associated with anthracyclines or trastuzumab use. Anthracycline-related CRTCD is 
cumulative, dose dependent and often progressive and irreversible at cell level. On 
the other hand, trastuzumab-related CRTCD is dose independent, does not lead to 
cell death and is often reversible (Table 2).

4.  Cancer therapy-related cardiac dysfunction (CTRCD)  
and echocardiography

4.1 LV systolic function

The need for a timely diagnosis of subclinical and clinical heart failure by using 
cardiac imaging has been addressed by the Expert Consensus of the ASE and 
EACVI [6] and more recently reinforced by the ESC Position Paper on cancer treat-
ments and cardiovascular toxicity [4]. The quickest and most available imaging tool 
in detecting cancer therapy-related cardiac dysfunction (CTRCD) is transthoracic 
echocardiography.

Exposure to potentially cardiotoxic chemotherapeutic agents is a well-recog-
nised indication for baseline and longitudinal evaluation of LV function [9, 10]. The 
most commonly used parameter for monitoring LV function with echocardiography 
is LVEF. Traditionally, an echo determination of LVEF is requested by the oncolo-
gists in all cancer patients at baseline and in any situation in which the suspicion of 
heart failure is plausible, during and after completion of the anti-cancer therapy. 
2D-derived LVEF is also used to start cardio protection and to establish the inter-
ruption from anti-cancer therapies. The calculation of LVEF should be done with 
the best method available as per the skills and experience of the operators in a 
given echocardiography department. The same method needs to be maintained for 
surveillance during and after treatment. Importantly, the digital images obtained 
should be available for visually comparison with the previous studies and further 
discussion at multimodality echocardiographic and cardio-oncology team meet-
ings. According to joint recommendations from the ASE/EACVI, the method of 
choice for LV volume quantification and LVEF calculation is the modified biplane 

Type I Type II

Anti-cancer 
characteristic 
chemotherapy agents

Doxorubicin Trastuzumab

Clinical manifestation New onset of heart failure and LV 
systolic dysfunction

Asymptomatic decrease in LVEF 
and less often clinical heart failure

Dose effects Cumulative, dose dependent Not dose related

Clinical course May stabilise with heart failure therapy 
(ACE inhibitors and beta-blockers), but 
underlying myocyte destruction appears 
to be permanent and irreversible

Often reversible with treatment 
discontinuation (to or near 
baseline cardiac status in 
2–4 months)

Effect of rechallenge High probability of recurrent 
dysfunction that is progressive

Rechallenge is often tolerated after 
recovery

Abbreviation: ACE, angiotensin-converting enzyme; LV, left ventricle; EF, ejection fraction.

Table 2. 
Characteristics of type I and II cancer therapeutics-related cardiac dysfunction.
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cardiac societies [4, 6] define cardiotoxicity when the left ventricular (LV) ejection 
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Cardiovascular toxicity Anti-cancer therapy

Myocardial dysfunction and 
heart failure

Anthracyclines (doxorubicin, idarubicin and epirubicin), anti-HER2 
(trastuzumab), VEGF inhibitors, cyclophosphamide, cisplatin, 
ifosfamide and taxanes (paclitaxel and docetaxel)

Vasospasm or vasoocclusion 
resulting in angina or myocardial 
infarction
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Pulmonary hypertension TKI (dasatinib), the TKI imatinib improved haemodynamics in 
patients with advanced pulmonary arterial hypertension

Abbreviations: HER2, human epidermal growth factor receptor 2; VEGF, vascular endothelial growth factor.

Table 1. 
Cancer drug agents associated with cardiovascular toxicity.
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given echocardiography department. The same method needs to be maintained for 
surveillance during and after treatment. Importantly, the digital images obtained 
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ings. According to joint recommendations from the ASE/EACVI, the method of 
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Simpson’s technique by 2D echocardiography, with an LVEF of ≥55% as a normal 
reference range. Calculation of LVEF should be also combined with assessment 
of the wall motion score index, which is based on a 16-segment model of the left 
ventricle [11]. Resting wall motion score index based on a 16-segment model of the 
left ventricle has been demonstrated to be a more sensitive marker of anthracycline-
induced CTRCD than relying on the LVEF alone [12]. When two contiguous LV 
segments are not well visualised on non-contrast apical images, the use of myocar-
dial contrast agents is recommended [13].

Although LVEF is a commonly accepted measure of cardiac systolic function 
and an accepted indicator of prognosis in patients with heart failure [14], it has 
low sensitivity for the detection of small changes in LV function. LVEF measure-
ment using the 2D biplane technique has a temporal coefficient of variation of 
7.4% [15], which is important to highlight because the measurement variability is 
close to the definition of CRTCD (drop in LVEF of 10% or more). This variability 
is the result of a number of factors including the operator’s skills and the geometric 
assumptions used to estimate three-dimensional (3D) volumes from 2D images. 3D 
echocardiography has been shown to be more accurate than the 2D echocardiogra-
phy in the measurement of the LV volumes [16]. However, the feasibility of the 3D 
technique can be reduced in some cancer patients because of the negative influence 
of factors such as concomitant radiotherapy (breast cancer and lymphoma) and 
surgery (mastectomies of left breast cancer, breast expanders or implants), which 
makes the ultrasound windows under these circumstances suboptimal [17]. The 
ASE recommends 3D echocardiography as the preferred technique for monitoring 
LV function and detecting CRTCD. However, it is important to realise that this 
technology has several limitations as well. It is recommended that calculation of 
LVEF by 2D biplane Simpson’s method also be included in all the oncologic patients 
echocardiographic report to allow comparison with previous studies if this method 
was used.

To minimise the risk of irreversible cardiomyopathy, the goal is to identify signs 
of toxicity as early as possible. Echocardiography-based deformation imaging 
techniques (strain) have become an essential tool to detect CRTCD. Changes in 
strain are more sensitive, appear prior to LVEF reduction and before the CRTCD 
manifests as symptomatic heart failure. Global longitudinal strain (GLS) is of 
particular interest because it can be incorporated into a clinical echocardiographic 
examination relatively efficiently with currently available technology [18]. The 
EACVI and ASE recommend assessing GLS as a routine component of clinical 
echocardiograms in patients at risk for type 1 or type 2 cardiotoxicity [6]. A relative 
percentage decrease in GLS > 15% is indicative of subclinical LV dysfunction and 
could be utilised as the starting point for timely cardio protection therapy.

4.2 LV diastolic function

A comprehensive assessment of LV diastolic function, including grading of dia-
stolic function and providing an estimate of LV filling pressure (by using the E/e′ 
ratio), should be performed in addition to the assessment of LV systolic function 
[19]. Although abnormal diastolic function parameters may reflect subclinical LV 
dysfunction, it has not been found to be prognostic of cardiotoxicity, and its clinical 
significance remains uncertain.

4.3 Right ventricular (RV) function

The frequency of the RV dysfunction during cancer therapy-related cardio-
toxicity has not been accurately examined. As early studies of CRTCD included 
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RV biopsies, there is a suggestion that the RV is affected by cancer therapies [20]. 
However, the prognostic value of RV dysfunction at the time of cardiotoxicity 
warrants further investigation.

5. Coronary artery disease (CAD)

The diagnostic capability of rest echocardiography in CAD is limited to the 
assessment of the presence and magnitude of regional wall motion abnormalities.

Stress echocardiography, an established technique for the detection and prog-
nostication of stable CAD as recommended by guidelines, may be useful in the 
evaluation of patients who are undergoing regimens that may be associated with 
ischemia, as fluoropyrimidines, platinum compounds (cisplatin), vascular endothe-
lial growth factor inhibitors and radiotherapy.

Stress echocardiography is also being used to unmask subclinical abnormalities 
of the LV function induced by chemotherapeutic agents. Although both exercise 
[12] and dobutamine stress echocardiography [21–23] have been applied to patients 
with cancer for the identification of anthracycline-induced CTRCD, the results 
of these studies appear to be inconclusive and contradictory. Further studies are 
needed to better understand the prognostic role of stress echocardiography, before 
can be routinely used into clinical practice.

6. Valvular disease

Patients who have received radiation therapy are at risk of long-term cardiovas-
cular toxicity including radiation-induced heart valve disease, pericardial disease 
and coronary artery disease.

Transthoracic echocardiography is the main tool to identify valvular damage in 
these patients. There are distinct echocardiographic characteristics of radiotherapy-
induced valvular disease. The main distinguishing features between radiotherapy-
induced valvular heart disease and rheumatic heart disease are the presence of 
commissural fusion after radiotherapy, while the involvement of the mitral leaflet 
tips is an indication of rheumatic disease.

The EACVI and ASE expert consensus statement recommendations for long-
term follow-up after radiation therapy suggest a yearly physical examination to 
assess for symptoms or signs of radiation-induced heart disease, which if present 
should prompt further evaluation. In asymptomatic patients, a transthoracic 
echocardiogram is recommended 5 years after exposure in high-risk individuals 
and 10 years after exposure in all others [24]. High risk individuals are defined the 
patients who received anterior or left-side chest irradiation and have at least one 
additional risk factor (smoking, diabetes mellitus, hypertension, hyperlipidemia 
and obesity).

7. Pericardial disease

Pericardial disease in cancer patients is relatively common. Pericardial effusion, 
cardiac tamponade and pericarditis can appear during several types of chemo-
therapy (anthracyclines [25], cyclophosphamide [26] and cytarabine [27]) but are 
especially due to radiotherapy. Constrictive pericarditis is more often associated 
with radiation-induced cardiotoxicity [28]. Additionally, pericardial disease may be 
secondary to cardiac metastasis.
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Echocardiography is the first-line cardiac imaging for the diagnosis of cancer 
therapy-related pericarditis. It is useful for evaluating the degree of pericardial 
thickening, the presence of constrictive physiology and the presence and quanti-
fication of a pericardial effusion, as guidance of pericardiocentesis and for patient 
follow-up.

8. Conclusions

CV complications of cancer and its treatment have become increasingly recog-
nised as an important clinical issue, with the potential to cause acute complications 
during therapy. The field of cardio-oncology is relatively new but developing 
rapidly. The goal of this emerging subspecialty is to continue anti-cancer therapy 
without interruption, aiming at cancer cure and remission, or alternatively support 
the oncologist’s choice between different anti-cancer therapies, in order to maintain 
survival free from cardiovascular morbidity and mortality. In this context, standard 
and advanced echocardiography plays a pivotal role as the first-line imaging tool.
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Chapter 5

Tropheryma whipplei Endocarditis
Lara García-Álvarez and José Antonio Oteo

Abstract

Tropheryma whipplei mainly known as the causative agent of classical Whipple’s 
disease, also produces acute, sub-acute and chronic localized forms of infection 
such as endocarditis. The development of molecular tools has allowed increasing the 
number of cases of endocarditis due to blood culture use to be negative in T. whip-
plei endocarditis and most of the cases are confirmed post-surgery when molecular 
analyses of heart valves are performed. Although, T. whipplei endocarditis is an 
uncommon condition with an atypical presentation it must be considered in the 
diagnosis of blood culture negative endocarditis and in patients with heart failure 
in which valve affectation is present. Other clinical features such as long lasting 
arthralgia can be present in a high percentage of the patients. It is important to 
know that few cases are diagnosed in the context of the classical Whipple’s disease. 
The prognosis is very good when an appropriate surgical management and anti-
microbial-specific treatment is given. This chapter describes the epidemiological, 
clinical characteristics, diagnosis and treatments for T. whipplei endocarditis.

Keywords: Tropheryma whipplei, Tropheryma whipplei endocarditis, endocarditis, 
blood culture negative endocarditis, infectious endocarditis

1. Introduction

Tropheryma whipplei, formerly Tropheryma whipplei, is an intracellular 
 gram-positive Actinobacteria ubiquitous in the environment that is involved in a 
large variety of clinical forms [1, 2]. The initial name was proposed by Relman et al. 
in 1992, and comes from the Greek trophe, nourishment, and eryma, barrier, due 
to the malabsorption it causes, and from the surname of George Hoyt Whipple [3]. 
In 2001, the name of the bacterium was slightly modified to conform to the proper 
spelling of Dr. George H. Whipple’s name [4].

Dr. Whipple was the first who reported, in 1907, a “hitherto undescribed 
disease” he named “intestinal lipodystrophy” in a 36-year-old man with malabsor-
tion, weight loss, diarrhea, migratory polyarthritis, cough and mesenteric lymph-
adenopathy [5]. Now, we refer to this disease as Whipple’s disease. Although this 
disease was first described at the beginning of the last century, the hypothesis of 
its bacterial origin goes back to the late 40’s and was supported with use of periodic 
acid-Schiff (PAS) staining and the success of the first antibiotic treatment [6, 7].  
Subsequently, the presence of the microorganism was confirmed by electron 
microscopy (rod-shaped organism), polymerase chain reaction (PCR) of the 16S 
rRNA and finally by culture [1, 3, 8–12]. The isolation and later sequencing of its 
genome made possible to define its antibiotic susceptibility [13–16].

Until recently, T. whipplei was known to be only the causative agent of 
Whipple’s disease, now called by some authors “classical Whipple disease”, a rare 
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chronic multisystemic infection [5]. Incidence of Whipple’s disease was reported 
in approximately 1 per 1.000.000, although it remains unclear and epidemiologi-
cal estimates varies among different studies [17–19]. Classical form of Whipple’s 
disease usually involves the gastrointestinal tract, joints and central nervous system 
with malabsorption, diarrhea, abdominal pain and/or weight loss and arthralgia 
as prominent manifestations. Cardiac, ocular or other organs involvement has 
been also reported in patients with Whipple’s disease [20–29]. The knowledge of 
the genome of T. whipplei has allowed developing specific and sensible tools that 
have let to involve this microorganism in a broad spectrum of clinical conditions 
[13, 14]. Therefore, T. whipplei can produce acute localized forms of infection such 
as pneumonia [30, 31], bacteremia [32], acute diarrhea [33, 34], uveitis [35, 36]; 
sub-acute forms such as adenitis [37] and chronic forms as uveitis [38], and, 
overall, endocarditis [39, 40].

T. whipplei has also been detected in asymptomatic carriers based, mainly, on 
stools and saliva analysis with very different prevalence among populations [41–52]. 
The carriage of T. whipplei varies considerably across studies and subjects. Many 
factors are involved in those differences such as the geographical region, exposure 
or the age of the studied subjects. The prevalence of asymptomatic carriers of 
T. whipplei in Africa and Asia is higher than in Europe and it is also higher in chil-
dren than in adults [49–51, 53]. Actinobacteria are environmental microorganisms 
that can be found in freshwater, soil or seawater sediments, this fact could explain 
the high prevalence of T. whipplei in people expose to sewage and sewage plant 
workers [2, 41, 47, 54, 55]. People in contact with patients with Whipple’s disease, as 
patients’ relatives or carriers, or those with poor hygiene conditions such as home-
less, also presents higher prevalences [56–59]. Differences between the targets used 
for the PCR and the samples used have been also observed and could explain these 
reported differences [52, 60]. Li et al. assessed that genomic variants of T. whipplei 
are associated with neither the organotropism of the bacteria nor the geographical 
residence of the individuals [61], however later studies show that different geno-
types are more frequent in some populations [34, 56, 58, 62]. Therefore, despite 
Whipple’s disease is rare, the high number of healthy carriers, the ubiquitous 
presence of the bacteria in the environment [41, 47, 57, 59] and the possibility of 
interhuman transmission [49, 56–59, 63, 64] make T. whipplei a common bacterium 
in humans.

2. Epidemiology

First implication of T. whipplei as causative agent of infective endocarditis was 
reported in Switzerland in 1997, in a patient with blood culture negative endocardi-
tis (BCNE) using a broad-range PCR followed by sequencing [64]. Curiously, first 
stable cultivation of the bacterium of Whipple’s disease was carried out in 2000, 
from the mitral valve of a patient with BCNE [1]. Since then, the number of cases 
has increased and to date T. whipplei endocarditis is one of the more frequent causes 
of BCNE in some areas [65, 66].

BCNE is a relative frequent condition among endocarditis representing 5–30% 
in big series [67–70]. The main reasons are the previous administration of antimi-
crobials and fastidiously culture microorganisms [67, 68, 71–75]. The application of 
molecular tools has allowed doing new approximations to the etiology of BCNE and 
new agents have been involved [69].

Sporadic cases of T. whipplei endocarditis have been reported from different 
countries, but there are few published series of T. whipplei endocarditis. France, 
Spain, Germany and Switzerland have the largest number of diagnosed cases 
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[39, 64, 65, 70]. This fact could be due to their larger experience in the knowledge 
and use of the molecular tools to heart valves [40]. The incidence of T. whipplei 
endocarditis among BCNE varies depending on the series. The incidence rate 
estimated varies between 2.6% and 7.1% depending on the country (France: 2.6% 
[76], Spain and Denmark: 3.5% [70, 77], Switzerland: 4.3% [78], Germany: 6.3% 
[65], Czech Republic: 7.1% [79]). However, it is difficult to know the true incidence 
of T. whipplei endocarditis since its study by molecular tools is not the rule in all 
hospitals. Thus, several parameters seem to affect the incidence of T. whipplei 
endocarditis such as the diagnostic tools available, the working group experience 
and the true incidence itself [39].

A total of 174 cases of T. whipplei endocarditis have been reported between 1999 
and 2020 [21, 39, 65, 70, 78–117]. The vast majority of cases were men (>85% of the 
cases) and the average age was around 57 years (range: 33–81 years).

3. Clinical features

Comorbidities or other predisposing risk factors have been not uniformly 
reported in the literature [118]. Previous valvular affectation has been documented 
in 21% of the diagnosed cases, while prosthetic valve replacement previously to the 
event seems not an important condition (<5% of the available series). Alcohol abuse 
has been reported in very few cases, however alcohol intake (>60 g/d) was referred 
by the 23.5% of the patients in the Spanish series [70]. Previous cardiac condition 
or a cardiac event (i.e., coronary heart disease) has been observed in 50% of cases 
[66]. Data of historical immunosuppression forms (autoimmune disease or immu-
nosuppressive therapies such as steroids or tumor necrosis factor inhibitors) have 
been reported in 21 cases (12%).

Classical Whipple’s disease has been reported as concomitant with the diagnose 
of endocarditis in few cases (6%) [66, 70]. However, in lot of cases this data is not 
available and in some of them although, classical Whipple’s Disease has not been 
diagnosed, it cannot be excluded.

The signs and symptoms T. whipplei endocarditis are not the typical ones. Fever 
has been only reported in 21% of the cases. Cardiac failure and arthralgia have been 
shown as the main presenting symptoms and have been described in 43% and 52% 
of patients, respectively. Cardiac failure is of special interest because it is the first 
manifestation in a high percentage of patients. Long lasting arthralgias presence as 
a prominent symptom varies depending on the series. While in the French series 
arthralgias were present in 75% of patients [39], in the Spanish one this condition 
was present in 53% [70]. These variations could be due to this symptom is some-
times weak and only detected after an exhaustive clinical research. Some authors 
suggest that, in those patients with sub-acute endocarditis and low-grade fever or 
not fever, if arthralgias are present, T. whipplei as causative agent should be sus-
pected [39, 103]. Asthenia and malaise lasting more than six months were notified 
by the 41.2% of the patients in one series [70]. Other signs such as weight loss or 
gastrointestinal symptoms have been observed in 25% and 21% of the reported 
patients [118]. In addition, central nervous system manifestations (i.e., emboli) 
have been detected in 16% of patients.

The valve involved in patients with T. whipplei endocarditis has been predomi-
nantly the aortic (63%). Involvement of multiple valves (mainly aortic valve in 
combination with the mitral or tricuspid valve, and mitral-tricuspid affection) has 
been noticed in 23% of patients. Only mitral valve affectation has been observed in 
20% of patients and tricuspid valve just in six of 174 patients (3%). Native valve was 
affected in the vast majority of cases.
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% (No.)

Patients (No.) 174

Epidemiological data

Medium Age (years) 57

Male gender 85% (148)

Medical history

Immunosuppression 12% (21)

Valvular abnormality 21.8% (38)

Affected valve

Aortic 63% (110)

Mitral 20.7% (36)

Tricuspid 3.4% (6)

Multiple valves 22.9% (40)

Presenting symptoms

Arthralgia 51.7% (90)

Heart failure 43% (75)

Weight loss 25.2% (44)

Fever 21.3% (37)

Central nervous system 16.1% (28)

Gastrointestinal symptoms 20,7% (36)

Laboratory abnormalities

Anemia 39,1% (68)

Outcome

Valve surgery 73.5% (128)

Death 17.8% (31)

Table 1. 
Main clinical epidemiological, clinical and outcome characteristics of patients with T. whipplei endocarditis 
reported in the literature. Updated from McGee et al. [118].

Figure 1. 
Valve vegetation specimen obtained after surgery from a patient with T whipplei endocarditis.
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Echocardiography features are one of the most valuable tools for suspecting 
infectious endocarditis. According to the literature, when these data were recorded, 
presence of vegetations was observed in more than the half of patients [66]. In our 
series, echocardiography was performed in all patients (both transthoracic and trans-
esophageal in more than 80%) and allowed the diagnosis of infectious endocarditis 
in 70% of patients through the visualization of vegetations in the vast majority, or by 
indirect signs in a few [70]. Valve vegetation from a patient after cardiac valve sur-
gery is shown in Figure 1. In the French series, echocardiography showed vegetations 
in 78% of the patients, but these data are not recorded in the German one [39, 65]. 
Data of vegetation appearance or size is rarely reported. Data of size vegetations 
when available, shown a minimum size of 5 mm and a maximum of 33 mm [118].

The main laboratory recording abnormalities at the time of the diagnosis have 
been anemia, which was detected in 40% of patients but this date can reach 88.2% 
in some series, and increasing of C-reactive protein in range from 2.3 to 137 mg/L 
[70]. In patients who had heart failure, B-type natriuretic peptide (BNPs) of up to 
2536 ng/L has been also reported [118].

Main characteristics of patients are shown in Table 1.

4. Diagnosis

The suspicion and diagnosis of T. whipplei endocarditis is complicated. To 
date, 174 cases have been reported but, due to the difficulties for the identi-
fication of T. whipplei, the prevalence of the endocarditis it causes could be 
underestimated [119].

Diagnosis of T. whipplei endocarditis remains a challenge for several reasons. 
One of them is because this endocarditis does not exhibit the typical sings (no fever 
nor peripheral stigmata and low inflammatory response) and blood cultures used to 
be negative; therefore, modified Duke’s criteria are ineffective for diagnosis before 
heart valve analysis [39]. In this sense, some series have shown that only 3.6% 
patients met criteria for endocarditis according to the modified Duke criteria and 
60.7% met for possible endocarditis [39]. It is very difficult to perform a micro-
biological or histological diagnose without analyzing the surgical remove valve. 
Routine blood and tissue culture are not often useful for the diagnosis. Thus, the 
diagnosis is often made post-surgery and valve analysis requires specialized labora-
tories, moreover if culture of the bacteria is intended to carry out.

Different targets have been used for molecular analyses. PCR based on the 16S 
rRNA amplification and subsequent sequencing has been widely used and has been 
the first-line screening in our series. However, some authors alert that this broad-
spectrum PCR could have a limited sensitivity (value sensitivity 60%, specificity 
100%) [120], while specific qPCR for T. whipplei have showed higher sensitivities 
[48, 60]. So, if 16S rRNA PCR has been negative, specific targets should be used in 
highly suspected cases of T. whipplei. At least 2 of the PCRs must be positive and 
their sequences have to show higher identity with the bacterium studied. PCR yield 
in other specimen different from valves varies depending on the specimen type and 
should be interpreted with caution according to the clinical context [66, 118]. A 
positive PCR result from a non-sterile site such as stool or saliva samples has been 
used to diagnose classical Whipple’s disease and to detect asymptomatic carriers, 
but is nor sensible nor specific for the diagnosis of T. whipplei endocarditis without 
clinical evidence of disease [42, 121, 122].

The role of serological tests in the diagnosis of Whipple’s disease is unclear 
because healthy carrier patients may paradoxically have a higher immune response 
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Echocardiography features are one of the most valuable tools for suspecting 
infectious endocarditis. According to the literature, when these data were recorded, 
presence of vegetations was observed in more than the half of patients [66]. In our 
series, echocardiography was performed in all patients (both transthoracic and trans-
esophageal in more than 80%) and allowed the diagnosis of infectious endocarditis 
in 70% of patients through the visualization of vegetations in the vast majority, or by 
indirect signs in a few [70]. Valve vegetation from a patient after cardiac valve sur-
gery is shown in Figure 1. In the French series, echocardiography showed vegetations 
in 78% of the patients, but these data are not recorded in the German one [39, 65]. 
Data of vegetation appearance or size is rarely reported. Data of size vegetations 
when available, shown a minimum size of 5 mm and a maximum of 33 mm [118].

The main laboratory recording abnormalities at the time of the diagnosis have 
been anemia, which was detected in 40% of patients but this date can reach 88.2% 
in some series, and increasing of C-reactive protein in range from 2.3 to 137 mg/L 
[70]. In patients who had heart failure, B-type natriuretic peptide (BNPs) of up to 
2536 ng/L has been also reported [118].

Main characteristics of patients are shown in Table 1.
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The suspicion and diagnosis of T. whipplei endocarditis is complicated. To 
date, 174 cases have been reported but, due to the difficulties for the identi-
fication of T. whipplei, the prevalence of the endocarditis it causes could be 
underestimated [119].

Diagnosis of T. whipplei endocarditis remains a challenge for several reasons. 
One of them is because this endocarditis does not exhibit the typical sings (no fever 
nor peripheral stigmata and low inflammatory response) and blood cultures used to 
be negative; therefore, modified Duke’s criteria are ineffective for diagnosis before 
heart valve analysis [39]. In this sense, some series have shown that only 3.6% 
patients met criteria for endocarditis according to the modified Duke criteria and 
60.7% met for possible endocarditis [39]. It is very difficult to perform a micro-
biological or histological diagnose without analyzing the surgical remove valve. 
Routine blood and tissue culture are not often useful for the diagnosis. Thus, the 
diagnosis is often made post-surgery and valve analysis requires specialized labora-
tories, moreover if culture of the bacteria is intended to carry out.

Different targets have been used for molecular analyses. PCR based on the 16S 
rRNA amplification and subsequent sequencing has been widely used and has been 
the first-line screening in our series. However, some authors alert that this broad-
spectrum PCR could have a limited sensitivity (value sensitivity 60%, specificity 
100%) [120], while specific qPCR for T. whipplei have showed higher sensitivities 
[48, 60]. So, if 16S rRNA PCR has been negative, specific targets should be used in 
highly suspected cases of T. whipplei. At least 2 of the PCRs must be positive and 
their sequences have to show higher identity with the bacterium studied. PCR yield 
in other specimen different from valves varies depending on the specimen type and 
should be interpreted with caution according to the clinical context [66, 118]. A 
positive PCR result from a non-sterile site such as stool or saliva samples has been 
used to diagnose classical Whipple’s disease and to detect asymptomatic carriers, 
but is nor sensible nor specific for the diagnosis of T. whipplei endocarditis without 
clinical evidence of disease [42, 121, 122].

The role of serological tests in the diagnosis of Whipple’s disease is unclear 
because healthy carrier patients may paradoxically have a higher immune response 
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to T. whipplei compared with patients with active Whipple’s disease [123]. Specific 
tools for an indirect diagnose for T. whipplei endocarditis are not available. This fact 
does not occur in other BCNE such as Q fever endocarditis or Bartonella spp. endo-
carditis. Curiously, a patient with Q fever and T. whipplei concomitant endocarditis 
has been described [124]. Valvular inflammatory infiltrates of T. whipplei–infected 
heart valves mainly consisted of foamy macrophages and lymphocytes. These 
macrophages have been observed in valvular tissue and in the vegetations on the 
surface of the heart valves. The dense and granular material that foamy histiocytes 
are filled with is strongly positive on PAS staining or immunopositive with a specific 
antibody against T. whipplei [39]. Thus, PAS staining and specific immunohisto-
chemistry test (IHC) using specific antibodies against T. whipplei of cardiac valves 
could be useful for the diagnosis of T. whipplei endocarditis (Figure 2).

According to the literature, 156 patients have been diagnosed of definite 
T. whipplei endocarditis by direct examination of the valve, of which more than 
70% had positive PCR, almost 40% reported PAS staining positive on valve tissue 
and around 50% showed positive IHC. Seven patients were diagnosed of possible 
endocarditis regarding to vegetations on valve imaging and classical Whipple’s dis-
ease concomitant diagnosis. In these last cases, 85% had positive PCR on different 
specimen such as duodenal sample, stool, saliva or central nervous system samples 
and more than 50% had positive PAS staining in other tissue specimen [118].

In summary, definitive T. whipplei endocarditis could considered if positive 
results of PAS staining and/or specific IHC test using specific antibodies against 
T. whipplei and/or 2 positive results of PCR assays targeting 2 different sequences 
in a cardiac valve specimen are met [60]. It is important to notice that in patients 
with subacute endocarditis with negative blood cultures and low-grade fever 
(or not fever), if arthralgias are present, T. whipplei as causative agent should be 
suspected [39, 103].

5. Treatment

The optimal treatment of IE caused by T. whipplei remains uncertain. Treatment 
options and duration are based on previous experience and expert opinion owing to 
the microorganism’s nature, the lack of large series (because of the low incidence) 
in which follow-up is documented and because clinical trials have not been devel-
oped [74]. Recommendations are mainly based on the experience obtained from the 
treatment of classical Whipple’s disease and other types of BCNE such as Q fever 

Figure 2. 
PAS staining positive in valvular tissue and vegetation.
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endocarditis [125, 126]. Two weeks treatment with ceftriaxone, followed by 1 year 
of trimethoprim/sulfamethoxazole, has been the most recommended treatment for 
years [126]. However, in vitro studies have shown best results with the combination 
of doxycycline and hydroxychloroquine [127, 128].

According to the literature, treatments used in T. whipplei endocarditis include, 
in most cases, two weeks of parenteral high dose of ceftriaxone (others such as 
meropenem, penicillin G have been also used) followed by an oral treatment strat-
egy of 12 months with sulfamethoxazole (160/800 mg BID) or, at least, 18 months 
of doxycycline (100 mg BID) plus hydroxychloroquine (600 mg/d), in a smaller 
proportion [125, 129, 130]. Available data indicate that the average treatment length 
(range) has been 17 months (12 months to indefinite) [118].

Last European guidelines published in 2015, recommend doxycycline 
(200 mg/24 h) plus hydroxychloroquine (200–600 mg/24 h) orally for at least 
18 months (in the case of central nervous system involvement, sulfadiazine 1.5 g/6 h 
orally must be added to doxycycline). As alternative therapy, 2–4 weeks of ceftri-
axone (2 g/24 h intravenously) or 2–4 weeks of penicillin G (2 million U/4 h) and 
streptomycin (1 g/24 h) intravenously can be used, followed by, at least, 1 year 
of oral trimethoprim/sulfamethoxazole (800 mg/12 h) [74]. It is likely that this 
recommendation was included after taking into consideration an in vitro T. whip-
plei resistant to trimethoprim, a case report of a patient with clinically acquired 
resistance to trimethoprim/sulfamethoxazole and the cases of T. whipplei endo-
carditis relapses after treatment with trimethoprim/sulfamethoxazole which were 
apparently cured after two years of doxycycline and hidroxychloroquine [109, 114, 
131, 132]. Furthermore, some authors do not recommend the use of trimethoprim/
sulfamethoxazole because the clinical, microbiological and genetic data analyses 
show that it is an antibiotic not efficient for the management of T. whipplei endo-
carditis [109]. In fact, three T. whipplei endocarditis relapses after treatment with 
trimethoprim/sulfamethoxazole have been published.

After the end of treatment, some authors recommend checking for the presence 
of T. whipplei in blood, saliva, and fecal samples every six months for two years and 
every year for the entire life of the patient [39]. If colonization is detected, they 
recommend treating again, but there is not still evidence for this procedure.

Follow-up data and long-term outcome of the treatments used in this condition 
have not been widely reported. These data are well documented in the Spanish 
series. Although in this series only the 35% of the patients received treatment 
according to guidelines, all the treatment lines used in this cohort in the manage-
ment of T. whipplei endocarditis were effective and well tolerated and therapeutic 
failures or relapses were not detected either during the treatment or after it was 
finished [133]. Furthermore, no major complications were detected once the treat-
ment was established or during the follow-up. Even though, follow-up of all patients 
continues in order to identify possible late relapses. It has been demonstrated that 
doxycycline plus hydroxychloroquine treatment of duration shorter than 18 months 
was not associated with either relapses or fatal outcomes. Moreover, data suggest 
that, with a very careful post-treatment monitoring, in patients who require the 
replacement of the infected valve and without classical manifestation of Whipple’s 
disease, replacement of the affected valve and a shorter duration antimicrobial 
treatment might be sufficient [133].

Since T. whipplei is not present in the stool or saliva of patients with endocar-
ditis caused by this microorganism and in the absence of other biological markers 
indicating the discontinuation of the antimicrobials, other tools are needed. In 
this regard, the role of PCR of urine should be explored both as a tool for moni-
toring patients post-treatment and the non-invasive diagnosis of T. whipplei 
 endocarditis [134].
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endocarditis [125, 126]. Two weeks treatment with ceftriaxone, followed by 1 year 
of trimethoprim/sulfamethoxazole, has been the most recommended treatment for 
years [126]. However, in vitro studies have shown best results with the combination 
of doxycycline and hydroxychloroquine [127, 128].

According to the literature, treatments used in T. whipplei endocarditis include, 
in most cases, two weeks of parenteral high dose of ceftriaxone (others such as 
meropenem, penicillin G have been also used) followed by an oral treatment strat-
egy of 12 months with sulfamethoxazole (160/800 mg BID) or, at least, 18 months 
of doxycycline (100 mg BID) plus hydroxychloroquine (600 mg/d), in a smaller 
proportion [125, 129, 130]. Available data indicate that the average treatment length 
(range) has been 17 months (12 months to indefinite) [118].

Last European guidelines published in 2015, recommend doxycycline 
(200 mg/24 h) plus hydroxychloroquine (200–600 mg/24 h) orally for at least 
18 months (in the case of central nervous system involvement, sulfadiazine 1.5 g/6 h 
orally must be added to doxycycline). As alternative therapy, 2–4 weeks of ceftri-
axone (2 g/24 h intravenously) or 2–4 weeks of penicillin G (2 million U/4 h) and 
streptomycin (1 g/24 h) intravenously can be used, followed by, at least, 1 year 
of oral trimethoprim/sulfamethoxazole (800 mg/12 h) [74]. It is likely that this 
recommendation was included after taking into consideration an in vitro T. whip-
plei resistant to trimethoprim, a case report of a patient with clinically acquired 
resistance to trimethoprim/sulfamethoxazole and the cases of T. whipplei endo-
carditis relapses after treatment with trimethoprim/sulfamethoxazole which were 
apparently cured after two years of doxycycline and hidroxychloroquine [109, 114, 
131, 132]. Furthermore, some authors do not recommend the use of trimethoprim/
sulfamethoxazole because the clinical, microbiological and genetic data analyses 
show that it is an antibiotic not efficient for the management of T. whipplei endo-
carditis [109]. In fact, three T. whipplei endocarditis relapses after treatment with 
trimethoprim/sulfamethoxazole have been published.

After the end of treatment, some authors recommend checking for the presence 
of T. whipplei in blood, saliva, and fecal samples every six months for two years and 
every year for the entire life of the patient [39]. If colonization is detected, they 
recommend treating again, but there is not still evidence for this procedure.

Follow-up data and long-term outcome of the treatments used in this condition 
have not been widely reported. These data are well documented in the Spanish 
series. Although in this series only the 35% of the patients received treatment 
according to guidelines, all the treatment lines used in this cohort in the manage-
ment of T. whipplei endocarditis were effective and well tolerated and therapeutic 
failures or relapses were not detected either during the treatment or after it was 
finished [133]. Furthermore, no major complications were detected once the treat-
ment was established or during the follow-up. Even though, follow-up of all patients 
continues in order to identify possible late relapses. It has been demonstrated that 
doxycycline plus hydroxychloroquine treatment of duration shorter than 18 months 
was not associated with either relapses or fatal outcomes. Moreover, data suggest 
that, with a very careful post-treatment monitoring, in patients who require the 
replacement of the infected valve and without classical manifestation of Whipple’s 
disease, replacement of the affected valve and a shorter duration antimicrobial 
treatment might be sufficient [133].

Since T. whipplei is not present in the stool or saliva of patients with endocar-
ditis caused by this microorganism and in the absence of other biological markers 
indicating the discontinuation of the antimicrobials, other tools are needed. In 
this regard, the role of PCR of urine should be explored both as a tool for moni-
toring patients post-treatment and the non-invasive diagnosis of T. whipplei 
 endocarditis [134].
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6. Conclusions

In the last years and with the development of molecular tools, new cases of 
T. whipplei endocarditis have been diagnosed. For this reason, although T.  whipplei 
infective endocarditis is an infrequent condition has emerged as an important 
differential diagnosis for BCNE. Endocarditis due to T. whipplei is often slowly 
progressive, similar to that caused by Coxiella burnetii and Bartonella spp. and it 
could be diagnosed with specific procedures when BCNE undergo cardiac surgery. 
An early and appropriate diagnosis is required since this condition has a very 
good course and prognosis when the appropriate treatment is started ( including 
surgery). In our opinion, patients with unexplained valve destruction which 
requires cardiac surgery, an exhaustive clinical investigation must be performed and 
removed valves should be studied by molecular tools for to rule out an underlying 
infectious endocarditis.
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Abstract

In this chapter, the normal anatomy of the heart as well as pathologic cases is 
consistent with cardiac malposition and isomerism, septal defects, pulmonary 
stenosis/atresia/absent pulmonary valve syndrome, aortic malformation, hypoplas-
tic left heart, conotruncal anomalies/common arterial trunk, tricuspid dysplasia, 
Ebstein anomaly, univentricular heart, and systemic venous abnormalities among 
other congenital cardio vascular defects by ultrasound images. Anatomical details of 
most CHD in fetus were provided by two-dimensional (2D) ultrasound with higher 
quality imaging, which enhances the diagnostic accuracy in a variety of CHD.
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1. Introduction

The incidence of congenital heart disease (CHD) is 8–9 per 1000 live births 
[1]. Including all subtle cardiac anomalies, the overall CHD incidence may be 
of 50 per 1000 live births (like bicuspid aortic valve, atrial septal aneurysm and 
Persistent left SVC) [2]. There are several risk factors for CHD which includes fetal 
and maternal factors. The fetal risk factors are extra cardiac abnormalities which 
are frequently associated with CHD even in the presence of normal karyotype [3]. 
About 10–20% of nonimmune hydrops is associated with CHD [4, 5]. One percent 
of arrhythmias are associated with CHD. Maternal factors like Diabetes mellitus, 
Phenylketonuria, Maternal exposure to Anticonvulsants, ethanol, nonsteroidal 
anti-inflammatory drugs, ACE inhibitors, indomethacin, and use of lithium 
increase the risk of CHD. IVF pregnancies increase CHD rates by four folds. CHD or 
syndromes associated with CHD in first-degree relatives increase risk of CHD. Half 
of the CHD cases are minor abnormalities and are easily corrected by surgery; 
prenatal diagnosis allows for better counseling and improved the outcome.

Guidelines for fetal echocardiogram by International society of ultrasound in 
obstetrics and gynecology (ISUOG), American institute of ultrasound in medicine 
(AIUM) and association for European pediatric cardiology (AEPC) (Figure 1): 
presence of clear guidelines for defining cardiac screening and fetal echocardiog-
raphy helps to standardize the approach for the sonographic evaluation of fetal 
echocardiography.

Fetal echocardiogram is most optimally performed between 18 and 22 weeks 
gestation. The screening examination includes the upper abdomen; the four-
chamber (4ch) view and outflow tracts for obtaining these planes need a sweep 
from four chamber view and into the upper mediastinum. Initial sweep shows 
five chamber (5ch) view followed by right ventricular outflow tract (RVOT), 
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presence of clear guidelines for defining cardiac screening and fetal echocardiog-
raphy helps to standardize the approach for the sonographic evaluation of fetal 
echocardiography.

Fetal echocardiogram is most optimally performed between 18 and 22 weeks 
gestation. The screening examination includes the upper abdomen; the four-
chamber (4ch) view and outflow tracts for obtaining these planes need a sweep 
from four chamber view and into the upper mediastinum. Initial sweep shows 
five chamber (5ch) view followed by right ventricular outflow tract (RVOT), 
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three vessel view (3vv) and three vessel trachea view (3VT) obese patients. Color 
flow Doppler may facilitate imaging of various cardiac structures and in obese 
patients. Guidelines involve situs determination and a sequential segmental analysis 
of Atria, Ventricles and great arteries and their connections. Documentation fetal 
heart rhythm should be performed. Fetal echo should be performed by real time 
imaging with acquisition of recording or digital video clips and still images. It is 
important to note that screening for cardiac malformations in the low risk popula-
tion includes minimum views of four chambers and outflow tracts. It is not speci-
fied to screen three vessel trachea view, but it is relatively easy plane to obtain and 
provides significant information on outflow tracts and arches.

Figure 1. 
(A) Selected views of fetal cardiac screening recommended by ISUOG. (B) Sagittal view as recommended by 
AIUM. (C) Standardized transverse scanning planes as recommended in the guidelines of the AIUM. (D) Low 
and high short axis views as recommended by AIUM.
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2. Embryology of heart

In third week of post conception, the embryo consists of three basic germ 
layers–the Ectoderm, Mesoderm and Endoderm. The lateral splanchnic mesoderm 
involves in the formation of single heart tube. The major steps in development of 
embryonic heart are (1) primitive heart tube, (2) looping, (3) atria, ventricles and 
outflow tracts septations, (4) septation of the atria, (5) septation of ventricles, 
(6) septation of the outflow tracts.

During cardiac looping, the primitive ventricles move downward to the right 
while the primitive atrium moves upward and to the left behind the ventricle. In the 
folded cardiac tube various regions are recognized and are separated by transitional 
zones. These regions will develop into cardiac cavities and the zones will become the 
septa and valves. Systemic veins begin with the formation of three paired veins the 
vitelline, umbilical and common cardinal veins, but the pulmonary veins develop 
separately.

3. Genetic diseases related to cardiac anomalies

CHD and chromosomal deletion syndrome: (1) DiGeorge syndrome or 22q11mi-
crodeletion; (2) Williams-Beuren syndrome, 1p36 deletion syndrome.

CHD associated with single gene disorders: Noonan syndrome and RASopathies, 
Holt-Oram syndrome, Alagille syndrome, Tuberous sclerosis complex and 
CHARGE syndrome.

Familial recurrence of congenital heart defects: recurrence risk of 3% for two 
healthy nonconsanguineous parents with one affected child, risk of recurrence 
increases to 10% with two affected siblings.

3.1 Fetal situs

Assessment of fetal visceral situs is essential first step in fetal echocardiogram. 
Evaluating cardiac position and orientation in thoracic cavity and anatomical rela-
tionship of abdominal organs is the part of the fetal echocardiogram examination.

Steps for sequential segmental analysis in the fetus are identifying visceral 
situs, Atrial arrangement, Atrioventricular valves, ventricular arrangement, 
ventriculoarterial connection, Ventricular outflow tracts and systemic and pul-
monary venous connections. First step is Fetal visceral situs (Figure 2) for this 
identify fetal presenting part (cephalic/breech) next step is to determine fetal lie 
by obtaining sagittal view of fetal spine and compare with the maternal spine after 
this determine the location of the fetal left side with the regard to maternal abdo-
men. Bronshtein et al. [6] described a method to determine situs is referred as the 
right-hand rule for abdominal scan and left-hand rule for transvaginal approach. 
Palm of the hand corresponds to the face of fetus and sonographer holds the hand 
according to the side of fetal face; left side of the fetus will be shown by the exam-
iners thumb.

Types of visceral situs are situs solitus, situs inversus and situs ambiguous.
Situs solitus is normal viscerocardiac arrangement where the cardiac apex, 

stomach and descending Aorta should be located on the fetal left side. Inferior 
vena cava is located on the right side. Situs inversus is the mirror image arrange-
ment of organs and vessels to situs solitus. Incidence is about 0.01%. There is slight 
increased risk of CHD and 20% association with Kartagener’s syndrome which is 
autosomal recessive transmission.
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autosomal recessive transmission.
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Situs ambiguous, which refers to Viscerocardiac malposition, is commonly 
associated with complex CHD. Incidence of situs ambiguous is around 1per 10,000 
infants [7]. This may be of right or left isomerism or situs ambiguous also known as 
visceral Heterotaxy syndrome which is very less commonly noted.

Detection of CHD on ultrasound depends on the position and axis of the cardia. 
Fetal cardiac axis: to determine the axis, obtain the transverse view of the chest at the 
level of four chamber view plane. A line is drawn from the spine to the anterior chest 
wall, the cardiac axis is the angle that the interventricular septum makes with this 
line (Figure 3A). Normal angle lies 45° to the left of the midline [8]. It is independent 
of gestational age. The axis is abnormal when it is >65° and < 25°. Study of Smith 
et al. [9] showed that >75° of leftward deviation are associated with CHD in 76% 
of fetuses which include Tetralogy of Fallot, Common arterial trunk, coarctation 
of aorta and Ebstein anomaly. Double outlet right ventricle, Atrioventricular septal 
defect and common atrium are more commonly associated with right axis deviation.

Cardiac position: depending upon the position of the heart it can be described 
as Levocardia Dextrocardia and mesocardia. Ectopia cordis refers when the 
cardia is outside the chest. As per Abuhamad et al [10] Heart positioned in right 
chest regardless of its axis it is termed as Dextrocardia, when the heart is placed 
in right chest with axis pointing to left then it is termed as Dextroposition and 
when the heart is positioned in right chest with axis pointing toward right side 
is known as dextroversion. Dextrocardia with axis to right: more commonly 
associated with Situs inversus, Congenital corrected transposition. Whereas 
Dextrocardia with left axis deviation is more commonly associated with extrinsic 
factors (Figure 3B and C) resulting in shift of heart to right side like Left dia-
phragmatic hernia, left lung mass, left pleural effusion, agenesis or hypoplasia 
of the right lung (scimitar syndrome). Mesocardia-Heart located in central chest 

Figure 2. 
Determining the fetal situs in longitudinal lie. (A) Fetus in cephalic presentation with spine close left uterine 
wall, results right side being anterior and left side posterior. (B) Cephalic with spine close to left uterine wall 
results left side being anterior and right side posterior. (C) Fetus in breech presentation with spine close to left 
uterine wall results left side being anterior and right side posterior. (D) Fetus in breech with spine close to right 
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planes of the chest and abdomen. Blue arrow indicates fetal stomach, red arrow apex of heart and yellow 
arrow descending aorta.
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with cardiac apex pointing toward the midline of the chest usually associated 
with abnormal ventriculoarterial connections such as transposition of great 
arteries, Double outlet right ventricle. Bilateral increased lung volume such 
as laryngeal atresia is also associated with mesocardiac. Levocardia–it is more 
commonly used term for normal position of heart. Levoposition is noted in Right 
sided space occupying lesions or agenesis/hypoplasia of left lung. Levocardia 
with left axis deviation is commonly associated with CHD. Normal heart size 
should be 1/3rd to 1/2 that of thoracic cavity. The width of heart at AV valves 
corresponds to gestational age in weeks. Cardiothoracic (C/T) circumference is 
constant throughout gestation is about 0.45–0.5. Contractility of vetricles should 
be equal. Rhythm normal is 120–160 beats per minute.

4.  Optimization of two-dimensional grayscale image in fetal 
echocardiography

The quality of 2D image is dependent on several factors such as choice of the 
transducer and presets, the angle of insonation and access to the region of interest 
and magnification of target region. Routinely two types of transducers are used 
in fetal echocardiography low frequency range (2–5 MHz) which allows good 
penetration and acceptable resolution. High frequency range (5–8 MHz) allows 
for improved resolution but limited penetration. Recently linear transducers are 
used for first trimester echocardiography as it gives high resolution. Image presets: 
(1) Harmonic imaging: in harmonic imaging, the reflected harmonic wave has a 
low amplitude high frequency which results in improved image and contrast with 
reduced artifacts. (2) Compound imaging allows the transducer to send signals at 
multiple angles to eliminate artifacts and improves the image resolution. (3) Speckle 
reduction imaging: weak signals are eliminated and strong signals are enhanced 
this allows the image to become smoother and reduces artifacts. (4) Focal zones: 
when imaging the heart chooses one focal zone at the region of interest to obtain 
better lateral resolution. (5) Dynamic range: narrow dynamic range provide better 
image as artifacts are eliminated. (6) High frame rate: high frame rate more than 
25 frames per second. This can be achieved by narrowing the sector width and 

Figure 3. 
(A) Measuring the cardiac axis. (B) Dextrocardia due to congenital adenomatoid malformation of left lung. 
(C) Dextrocardia with apex pointing to left due to congenital diaphragmatic hernia.
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Situs ambiguous, which refers to Viscerocardiac malposition, is commonly 
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is known as dextroversion. Dextrocardia with axis to right: more commonly 
associated with Situs inversus, Congenital corrected transposition. Whereas 
Dextrocardia with left axis deviation is more commonly associated with extrinsic 
factors (Figure 3B and C) resulting in shift of heart to right side like Left dia-
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constant throughout gestation is about 0.45–0.5. Contractility of vetricles should 
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penetration and acceptable resolution. High frequency range (5–8 MHz) allows 
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reducing the depth. (7) Tint or color maps. Magnify the heart in order to fill 1/3rd 
to 1/4th of the ultrasound image. Insonate from the apical or right lateral aspect 
of the fetal chest when possible. Try to use cine loop to analyze cardiac and valves 
motion. Optimizing color Doppler for the fetal Echo: when examining fetal heart 
with color Doppler a rapid frame rate with an acceptable image quality is essential. 
The image quality can be improved by optimizing the use of the velocity, the wall 
filter, persistence, gain and color line density. Velocity scale or Pulse repetition fre-
quency is used to determine the range of velocities in the region of interest. For AV 
valves, semilunar valves and the great vessels use high velocity range > 30 cm/sec. 
Pulmonary and systemic veins need low to mid velocity scale 10–20 cm/sec. Color 
filter: high filter is selected for AV valves, great vessels and low filters for pulmonary 
and systemic veins. Color gain-color gain should be initially set on low and gradu-
ally increases until the color information is optimized. Color Doppler image resolu-
tion and color line density: high color resolution is needed at periphery pulmonary 
vessels and fetal echo in early pregnancy. In this condition, the smallest color box is 
chosen to increase frame rate. In power, Doppler or HD mode reducing balance in 
combination with increasing gain can demonstrate clear delineation of flow events 
within the chambers and vessels. Near parallel insonation to the direction of blood 
flow helps to optimize image when color Doppler is used. Pulse Doppler allows 
Doppler wave forms quantifications for the assessment of cardiac abnormalities 
and functions.

Scanning technique: determine the fetal situs. The anatomic markers for visual-
ization of four chamber view are: one complete rib on each side of fetal chest wall, 
the two inferior pulmonary veins noted along the posterior wall of the left atrium, 
the apex of the heart pointing to the left upper chest about 45° and descend-
ing Aorta in front and to the left of fetal spine. Slight tilt of the medial aspect of 
transducer from four chamber view plane, five chamber view (LVOT view) can be 
imaged. Sliding the transducer cranially (while maintaining the transverse orienta-
tion in the chest) from four chamber plane three vessel view can be obtained. The 
larger and left most vessel is main pulmonary artery, slightly smaller aorta in the 
middle and smaller SVC on right side. From three vessel plane cranial tilt of trans-
ducer the transverse view of arterial duct can be obtained. Still slight cranial tilt of 
transducer the transverse view of the aortic arch can be obtained. Anterior to the 
3VT, there is hypoechoic structure which is slightly echogenic to the lungs is identi-
fied as thymus. Further cranial movement of the transducer with slightly oblique to 
the left from 3VT view, SVC connecting with brachiocephalic vein is noted. In this 
plane great vessels are not seen as they are inferior.

Four chamber view is basic plane for detail evaluation of the fetal heart. In this 
plane, look for situs, size, axis of the heart. In normal heart both atria equal in size, 
foramen ovale in midsection of atrial septum with leaflet of foramen ovale in left 
atrium. Tricuspid valve septal leaflet is more apically inserted on the septum than 
mitral valve. Both ventricles equal in size with intact ventricular septum and mod-
erator band in right ventricle. Based on the position and fetal lie four types of four 
chamber views of fetal heart can be obtained: (1) When the fetal anterior chest wall 
is closest to the transducer the Apical four chamber view obtained (Figure 4A), in 
which the ultrasound beam is nearly parallel to ventricular septum. (2) When fetal 
right posterior chest wall is closest to the transducer, a basal four chamber view is 
obtained ultrasound beam is nearly parallel to ventricular septum. (3) When the 
fetal spine is neither anterior or posterior but closer to right or left lateral uterine 
walls a Lateral four chamber view is obtained (Figure 4B), where the ultrasound 
beam is perpendicular to inter ventricular septum. Apex of the heart, ventricles the 
atrioventricular valves, atrial, Ventricular longitudinal dimensions are optimally 
evaluated by apical four chamber view. Basal view allows optimum visualization 
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of atria and atrioventricular valves. The lateral view allows adequate visualization 
of interventricular and interatrial septum, atrial and ventricular walls, ventricular 
contractility and septal thickness. From four chamber plane rotate the transducer 
90° to get short axis views of the heart which provides a detail anatomic evaluation 
of spatial relationship of cardiac chambers and helps to evaluate ventricular size, 

Figure 4. 
(A) Apical 4ch view. (B) Lateral 4 ch view. (C) 3vv. (D) 3VT. (E) Long axis view of left ventricle. (F) Short 
axis view of right ventricle. (G) Longitudinal view of aortic arch. (H) Parasagittal approach of ductal arch.
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motion. Optimizing color Doppler for the fetal Echo: when examining fetal heart 
with color Doppler a rapid frame rate with an acceptable image quality is essential. 
The image quality can be improved by optimizing the use of the velocity, the wall 
filter, persistence, gain and color line density. Velocity scale or Pulse repetition fre-
quency is used to determine the range of velocities in the region of interest. For AV 
valves, semilunar valves and the great vessels use high velocity range > 30 cm/sec. 
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within the chambers and vessels. Near parallel insonation to the direction of blood 
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Doppler wave forms quantifications for the assessment of cardiac abnormalities 
and functions.
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ization of four chamber view are: one complete rib on each side of fetal chest wall, 
the two inferior pulmonary veins noted along the posterior wall of the left atrium, 
the apex of the heart pointing to the left upper chest about 45° and descend-
ing Aorta in front and to the left of fetal spine. Slight tilt of the medial aspect of 
transducer from four chamber view plane, five chamber view (LVOT view) can be 
imaged. Sliding the transducer cranially (while maintaining the transverse orienta-
tion in the chest) from four chamber plane three vessel view can be obtained. The 
larger and left most vessel is main pulmonary artery, slightly smaller aorta in the 
middle and smaller SVC on right side. From three vessel plane cranial tilt of trans-
ducer the transverse view of arterial duct can be obtained. Still slight cranial tilt of 
transducer the transverse view of the aortic arch can be obtained. Anterior to the 
3VT, there is hypoechoic structure which is slightly echogenic to the lungs is identi-
fied as thymus. Further cranial movement of the transducer with slightly oblique to 
the left from 3VT view, SVC connecting with brachiocephalic vein is noted. In this 
plane great vessels are not seen as they are inferior.

Four chamber view is basic plane for detail evaluation of the fetal heart. In this 
plane, look for situs, size, axis of the heart. In normal heart both atria equal in size, 
foramen ovale in midsection of atrial septum with leaflet of foramen ovale in left 
atrium. Tricuspid valve septal leaflet is more apically inserted on the septum than 
mitral valve. Both ventricles equal in size with intact ventricular septum and mod-
erator band in right ventricle. Based on the position and fetal lie four types of four 
chamber views of fetal heart can be obtained: (1) When the fetal anterior chest wall 
is closest to the transducer the Apical four chamber view obtained (Figure 4A), in 
which the ultrasound beam is nearly parallel to ventricular septum. (2) When fetal 
right posterior chest wall is closest to the transducer, a basal four chamber view is 
obtained ultrasound beam is nearly parallel to ventricular septum. (3) When the 
fetal spine is neither anterior or posterior but closer to right or left lateral uterine 
walls a Lateral four chamber view is obtained (Figure 4B), where the ultrasound 
beam is perpendicular to inter ventricular septum. Apex of the heart, ventricles the 
atrioventricular valves, atrial, Ventricular longitudinal dimensions are optimally 
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of atria and atrioventricular valves. The lateral view allows adequate visualization 
of interventricular and interatrial septum, atrial and ventricular walls, ventricular 
contractility and septal thickness. From four chamber plane rotate the transducer 
90° to get short axis views of the heart which provides a detail anatomic evaluation 
of spatial relationship of cardiac chambers and helps to evaluate ventricular size, 

Figure 4. 
(A) Apical 4ch view. (B) Lateral 4 ch view. (C) 3vv. (D) 3VT. (E) Long axis view of left ventricle. (F) Short 
axis view of right ventricle. (G) Longitudinal view of aortic arch. (H) Parasagittal approach of ductal arch.
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ventricular wall and septal thickness. Origin and relationship of the great vessels 
can also be evaluated. In most Apical short axis plane Posteromedial and antero-
lateral papillary muscle of left ventricle are imaged in same plane at 8- and 5-o 
clock positions. Basal or more posterior short axis plane demonstrates the muscular 
part of ventricular septum, Mitral and tricuspid valves.in this plane mitral valve 
is crescent shaped and has the appearance of fish mouth. Three vessel view/trans-
verse pulmonary trunk view (Figure 4C) shows the large main pulmonary artery 
anteriorly, ascending aorta in middle and posteriorly placed small SVC. In this 
plane we can assess conotruncal abnormalities and abnormalities associated with 
vessel size, alignment, arrangement, number and location of descending aorta. 
Three VT view (Figure 4D) demonstrates transverse main pulmonary artery and 
ductal arch, Transverse Aortic arch and its isthmic region, and the cross section of 
SVC and trachea. Trachea in this plane appears as circular structure with echogenic 
wall and a black lumen. In normal 3VT plane aortic and ductal arches are located 
left of the spine and trachea and no vessel should be seen to the right of trachea. 
Color Doppler reveals anteroposterior flow in both arches. By reducing velocity 
scale svc and azygos arch blood flow entering into SVC can be recognized. Slightly 
more cranial to this plane the mammary arteries running on the lateral border 
of thymus can be visualized which is known as thymic box. More cranial plane 
will show blood flow in Left Brachiocephalic vein in left to right direction, always 
opposite to the direction of the Aortic flow. Abnormal findings in 3VT view are 
(1) Narrow or absent Aortic arch—which is suggestive for Tubular hypoplasia of 
aortic arch or aortic coarctation. (2) Narrow or absent pulmonary artery—can 
typically be seen in pulmonary stenosis or atresia showing decreased antegrade 
or revers flow in pulmonary artery. Common anomalies associated are Tetralogy 
of Fallot, Ebstein anomaly, some cases of Double outlet right ventricle, Tricuspid 
atresia with VSD. (3) Dilated transverse Aortic arch-Aortic valve stenosis with post 
stenotic dilatation of Aorta can be found as isolated finding. (4) Dilated pulmonary 
artery—a hugely dilated pulmonary artery typically found in Tetralogy of Fallot 
with absent pulmonary valve. Absent pulmonary valve syndrome is commonly in 
association with the absence of the arterial duct. (5) Only one normal sized great 
vessel suggests transposition, DORV, the visualized single vessel that is seen is 
Aorta with a posterior non visualized pulmonary artery. Aorta shows a typical right 
ward convex course. (6) Only one great vessel of larger size-single enlarged great 
vessel may be aortic arch in case of pulmonary atresia where pulmonary artery 
is small tortuous or even absent. On the other hand, it could be a dilated pulmo-
nary artery in the presence of left outflow tract obstruction such as hypoplastic 
left heart syndrome where on color Doppler demonstrates reverse flow in aortic 
arch. In an interrupted aortic arch, the pulmonary artery is less dilated than in 
left outflow tract obstruction. In case of common arterial trunk, a single dilated 
great vessel is noted. (7) Course of Aortic arch to the right of the trachea–then it is 
known as Right sided aortic arch. It may be isolated or associated with left ductus 
arteriosus which forms a U configuration (U sign) with the trachea in the middle. 
Rarely both the arches may be right of the trachea forming right sided V sign. (8) 
Tortuous course of great vessel—most commonly found at the level of the ductal 
arch towards the end of gestation where it appears as S configuration. Sometimes 
it may also present in mid gestation. Tortuous ductal arch may be a normal vari-
ant with no clinical implications. An abnormal tortuous course of aortic arch may 
be seen in a cervical aortic arch where the aorta runs into the upper mediastinum 
which is distant from the course of pulmonary artery. (9) Connection between 
both great vessels—this may be found in Aortopulmonary window. It is a rare 
condition and may be found in tetralogy of Fallot or other conotruncal anomalies 
or an isolated finding. (10) Demonstration of four vessels—commonly present 
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in association with persistent left SVC. A double Aortic arch may also show four 
vessels, but it is generally detected by the presence of a right aortic arch. (11) 
Three vessels but no Right SVC – this condition may be seen with persistent left 
SVC. Dilated Superior vena cava: this may occur in case of Dilated Azygos vein in 
cases of interrupted IVC. This condition can also be depicted in the presence of 
supra cardiac type of total anomalous pulmonary venous drainage and also present 
in arteriovenous malformation of brain or vein of Galen aneurysm where increased 
venous drainage to SVC noted. In three VT view we can also asses the Thymus and 
left Brachiocephalic vein and also the other mediastinal structures like esophagus 
behind trachea, Bifurcation of trachea into both bronchi, the azygos vein connects 
to the SVC over the right bronchus referred as Azygos arch. In cases of conotruncal 
anomalies associated with hypoplastic or aplasia of thymus increases the suspicion 
for the presence of a 22q11 deletion.

Axial, oblique and sagittal views of great vessels (Figure 3E–H). The five 
chamber view displays ascending Aorta and demonstrates the left ventriculoarte-
rial connection, the peri-membranous and muscular ventricular septa. Ascending 
aorta arises in between two AV valves in left to right orientation (directed toward 
right shoulder). There is a wide angle noted between the direction of ventricular 
septum and anterior wall of ascending Aorta which is absent in conotruncal 
anomalies where it is more parallel orientation with the septum. Fibrous–fibrous 
continuity of the posterior wall of the Aorta with the mitral valve and fibrous-
muscular continuity of the anterior wall of Aorta and septum. This connection 
will be disrupted in Overriding of Aorta. At the level of five chamber view the two 
superior pulmonary veins enter the posterior walls of the left atrium. To obtain 
right ventricular outflow view (Figure 4F) from the mid sagittal plane of the chest 
by keeping the transducer in an oblique plane that is pointing from the right iliac 
bone to the left shoulder of the fetus. In this plane, right inflow and out flow tracts 
can be seen in same plane and are in perpendicular orientation. Left ventricle long 
axis view (Figure 4E)–to get this plane obtain sagittal view of fetal thoracic spine 
and slide the transducer from right to left parasagittal chest where we can image 
three planes one is superior and inferior venae cava second one is the aortic arch 
and lastly the ductal arch.

Longitudinal Aortic arch: by sliding the transducer to left parasagittal plane, 
we can obtain longitudinal aortic arch plane. In this view, aorta appears as a candy 
or a walking cane (Figure 4G) and arises centrally and superiorly in chest. Three 
arterial branches arise from superior aspect. Ductal arch view: it can be obtained 
by sliding the transducer still more left from the aortic arch view. Ductal arch 
(Figure 4H) arises from anterior aspect of chest with a wide angular curvature and 
is almost perpendicular to descending aorta and looks like hockey stick appearance. 
Ductal arch does not give any branches.

Normal variants in four Chamber view are (1) Echogenic intra cardiac focus 
(EIF) it may be single or multiple. In a patient at low risk of aneuploidy the pres-
ence of EIF after a normal detailed ultrasound should be considered as a normal 
variant; (2) pericardial fluid: if the pericardial fluid is less than 2 mm in thick-
ness should be considered as normal variant; (3) mild ventricular disproportion 
in third trimester (left is smaller than right) can only be considered as normal 
variant after detailed ultrasound evaluation which ruled out coarctation of Aorta, 
TAPVC or other cardiac abnormalities associated with small left ventricle; (4) 
linear insertion of Atrioventricular valve could be found in normal fetuses and 
in fetuses with AVSD, depending on the plane in which the four chamber view 
is visualized (10). The area behind the 4ch view: during swallowing, esophagus 
may dilate and appears as a second vessel in front of Aorta but it will be decreased 
when swallowing ends.
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ventricular wall and septal thickness. Origin and relationship of the great vessels 
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ductal arch, Transverse Aortic arch and its isthmic region, and the cross section of 
SVC and trachea. Trachea in this plane appears as circular structure with echogenic 
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left of the spine and trachea and no vessel should be seen to the right of trachea. 
Color Doppler reveals anteroposterior flow in both arches. By reducing velocity 
scale svc and azygos arch blood flow entering into SVC can be recognized. Slightly 
more cranial to this plane the mammary arteries running on the lateral border 
of thymus can be visualized which is known as thymic box. More cranial plane 
will show blood flow in Left Brachiocephalic vein in left to right direction, always 
opposite to the direction of the Aortic flow. Abnormal findings in 3VT view are 
(1) Narrow or absent Aortic arch—which is suggestive for Tubular hypoplasia of 
aortic arch or aortic coarctation. (2) Narrow or absent pulmonary artery—can 
typically be seen in pulmonary stenosis or atresia showing decreased antegrade 
or revers flow in pulmonary artery. Common anomalies associated are Tetralogy 
of Fallot, Ebstein anomaly, some cases of Double outlet right ventricle, Tricuspid 
atresia with VSD. (3) Dilated transverse Aortic arch-Aortic valve stenosis with post 
stenotic dilatation of Aorta can be found as isolated finding. (4) Dilated pulmonary 
artery—a hugely dilated pulmonary artery typically found in Tetralogy of Fallot 
with absent pulmonary valve. Absent pulmonary valve syndrome is commonly in 
association with the absence of the arterial duct. (5) Only one normal sized great 
vessel suggests transposition, DORV, the visualized single vessel that is seen is 
Aorta with a posterior non visualized pulmonary artery. Aorta shows a typical right 
ward convex course. (6) Only one great vessel of larger size-single enlarged great 
vessel may be aortic arch in case of pulmonary atresia where pulmonary artery 
is small tortuous or even absent. On the other hand, it could be a dilated pulmo-
nary artery in the presence of left outflow tract obstruction such as hypoplastic 
left heart syndrome where on color Doppler demonstrates reverse flow in aortic 
arch. In an interrupted aortic arch, the pulmonary artery is less dilated than in 
left outflow tract obstruction. In case of common arterial trunk, a single dilated 
great vessel is noted. (7) Course of Aortic arch to the right of the trachea–then it is 
known as Right sided aortic arch. It may be isolated or associated with left ductus 
arteriosus which forms a U configuration (U sign) with the trachea in the middle. 
Rarely both the arches may be right of the trachea forming right sided V sign. (8) 
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arch towards the end of gestation where it appears as S configuration. Sometimes 
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ant with no clinical implications. An abnormal tortuous course of aortic arch may 
be seen in a cervical aortic arch where the aorta runs into the upper mediastinum 
which is distant from the course of pulmonary artery. (9) Connection between 
both great vessels—this may be found in Aortopulmonary window. It is a rare 
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in association with persistent left SVC. A double Aortic arch may also show four 
vessels, but it is generally detected by the presence of a right aortic arch. (11) 
Three vessels but no Right SVC – this condition may be seen with persistent left 
SVC. Dilated Superior vena cava: this may occur in case of Dilated Azygos vein in 
cases of interrupted IVC. This condition can also be depicted in the presence of 
supra cardiac type of total anomalous pulmonary venous drainage and also present 
in arteriovenous malformation of brain or vein of Galen aneurysm where increased 
venous drainage to SVC noted. In three VT view we can also asses the Thymus and 
left Brachiocephalic vein and also the other mediastinal structures like esophagus 
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Advanced Concepts in Endocarditis - 2021

98

Abnormal fetal echo: septal defects-Atrial septal defects-classified as Septum 
primum (ASD1), septum secundum (ASDII), Sinus venosus and coronary sinus 
defect. Septum secundum is the most common ASD which is around 80% of all 
ASDs and is mainly due to defect at foramen ovale. Next most common ASD is sep-
tum primum defect adjacent to both AV valves also known as partial AVSD. Sinus 
venosus ASD is noted posterior and superior to foramen ovale and inferior to the 
where IVC and SVC entering Right atrium. Coronary sinus ASD is rare and located 
at the site of the coronary sinus ostium in right atrium. Most ASDs cannot be 
diagnosed prenatally. ASD 1 can be identified as absent crux with linear insertion of 
both AV valves and Right to Left shunt noted. False positive diagnosis can be due to 
coronary sinus which mimics ASD1 where the flow is from left to right. Associated 
Cardiac and extra cardiac findings are AVSD, Anomalous pulmonary venous con-
nections, single ventricle, Ebstein anomaly, tricuspid atresia and pulmonary atresia 
with intact ventricular septum. Venous abnormalities are common with sinus 
venosus defect (80–90%) and 10–15% with ASDII. ASD1 is associated with trisomy 
21 and is also associated with Aortic coarctation. ASD secundum is associated with 
Holt-Oram syndrome.

Ventricular septal defect (VSD): these are the common congenital heart defects. 
VSDs are reported based on anatomic location on the septum. Most common VSD 
in neonates are perimembranous VSD (approximately 80%). Muscular, inlet and 
outlet VSDs are approximately reported in 5–20%, 5–8% and 5% respectively 
[11–13]. Whereas muscular VSDs (Figure 5B) are more common in prenatal period 
(aproxmately 80–90%) [14]. Small muscular VSDs are rarely diagnosed on gray 
scale color Doppler can be helpful in identifying the septal defect. Identification 
of VSDs is better in lateral chamber view. In Apical view drop out may mimic like 
VSD in such cases the borders of VSD appear echogenic. Most of the small muscular 
VSDs are bidirectional. On grayscale more commonly detected VSDs are perimem-
branous VSDs which are visualized in five chamber view where there is discontinu-
ity between ventricular septum and medial wall of ascending Aorta. This type of 
VSDs is commonly associated with conotruncal abnormalities.

Atrioventricular septal defects (AVSD): common synonyms to AVSD are 
Endocardial cushion defect or AV canal defect. In the complete form of AVSD there 
is a combination of ASDI defect and VSD with common AV valve which usually 
have five leaflets (Figure 5A). Partial AVSD includes ASD1 and a cleft in mitral 
valve with separate AV valves but attaches at the same level. Transitional AVSD is a 
type of partial AVSD in this consists of two distinct AV annuli with large defect in 
atrial septum and small VSD.AVSDs can be classified as balanced or unbalanced. 

Figure 5. 
(A) Atrioventricular septal defect. (B) Small membranous VSD. (C) Double inlet ventricle.
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In unbalanced AVSDs the AV connections predominantly drains to one of the two 
ventricles results in ventricular disproportion and is typically found in Heterotaxy 
syndrome.

Incidence of AVSDs in infants with congenital heart diseases is 4–7.4% [15, 16].  
Eighteen percent of prenatally detected CHDs are AVSDs [17]. It is best detected in 
Apical 4 chamber view. Ultrasound findings in AVSD in diastole are Absent Crux 
with a defect in the center of the heart noted. In systole the common AV valve is 
closed with loss of offset noted and appears like linear line across. Atrioventricular 
length ratio (AVL ratio) is increased in AVSD [10]. A cut off value for AVL ratio 
over 0.6 detects AVSD in 83% with false positive rate of 5.7% [18]. Presence of 
conotruncal Anomalies are more commonly associated with AVSD. Color and 
pulsed Doppler will demonstrate common regurgitation in complete AVSD. A 
regurgitant jet, which appears to arise from left ventricle should alert for the 
presence of a complete or partial AVSD as mitral regurgitation is rare in fetus (10). 
Associated cardiac findings are TOF, DORV, Right Aortic arch, aortic coarcta-
tion and other conotruncal anomalies. AVSD is also associated with Heterotaxy 
syndrome. Extra cardiac anomalies associated with AVSD are mainly trisomy 21 
and also noted in trisomy 18 and 13. Antenatal diagnosis of AVSD, when isolated 
is associated with trisomy 21 in 58% of cases [19]. AVSD in combination of with 
hypoplastic left heart syndrome can be found in turners’ syndrome (10). In a 
recent study 13% of CHARGE syndrome patients were associated with AVSDs 
[20]. AVSD may be recognized in early gestation at 11–13 weeks. Prenatal diag-
nosis of complete AVSD has low survival rate due to associated cardiac and extra 
cardiac findings whereas in isolated cases the outcome is excellent [21, 22].

Univentricular atrioventricular connection: this is due to failure of the develop-
ment of bulboventricular loop stage. It describes a heart with one functioning 
ventricle with inflow from one or both atria. Synonymous terms for this condition 
are primitive ventricle, single ventricle, cor triloculare biatriatum, cor biloculare 
and double inlet ventricle (DIV). Three subgroups are identified in this condition, 
they are (1) double inlet (Figure 5C), where two atria connect to a single ventricle 
through two atrioventricular valves; (2) single inlet where one atrium connects 
to single ventricle through a single AV valve; (3) common inlet where both atria 
connected to single ventricle. Most common morphology of single ventricle is left 
ventricular morphology with right rudimentary chamber. Rarely right ventricu-
lar morphology with rudimentary left chamber or a ventricle of indeterminant 
morphology without rudimentary chamber can be seen. Cardiac anomalies which 
may show a single ventricle morphology are Hypoplastic left heart syndrome, 
Pulmonary atresia with intact septum, AVSD (large or unbalanced), single ventricle 
in Heterotaxy syndrome, corrected TGA with tricuspid atresia, mitral atresia with 
ventricular septal defect and more commonly found DIV is tricuspid atresia with 
ventricular septal defect. Double inlet left ventricle (DILV) presents as rudimentary 
right ventricle communicating with single ventricle with a VSD. Rudimentary right 
ventricle is a small outlet chamber. Great arteries usually arise in D or L malposi-
tion. The rudimentary outlet chamber in DILV is more commonly located on left 
side of the main ventricle (L looping) rarely on right side (D looping). Diagnosis 
is usually made on gray scale ultrasound. DIV with patent AV valves is well toler-
ated in fetus. Follow up ultrasound is important to look for outflow obstruction. 
Associated malformations are Atresia, hypoplasia or straddling of the atrioven-
tricular valves, pulmonary outflow obstruction, subaortic outflow obstruction and 
conduction abnormalities.

Tricuspid Atresia with ventricular septal defect (TA): in this condition, the 
atrioventricular connection on right side is absent hence right ventricle is diminu-
tive in size. Most of the cases tricuspid valve appears echogenic and thickened on 
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ventricles results in ventricular disproportion and is typically found in Heterotaxy 
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Incidence of AVSDs in infants with congenital heart diseases is 4–7.4% [15, 16].  
Eighteen percent of prenatally detected CHDs are AVSDs [17]. It is best detected in 
Apical 4 chamber view. Ultrasound findings in AVSD in diastole are Absent Crux 
with a defect in the center of the heart noted. In systole the common AV valve is 
closed with loss of offset noted and appears like linear line across. Atrioventricular 
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atrioventricular connection on right side is absent hence right ventricle is diminu-
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ultrasound. Aliasing noted across the mitral valve due to increased blood flow. 
Prenatal mitral regurgitation will have poor outcome. Inlet type of VSD typically 
perimembranous is present in almost all cases. The size of right ventricle depends 
on the size of VSD. Right ventricular contractility is normal with no myocardial 
thickening. A large interatrial connection in the form of large patent foramen ovale 
or atrial septal defect. There may be redundant flap of septum secundum that is 
bulging into Left atrium: malaligned interatrial and interventricular septa. The 
right ventricular outflow stenosis is a common finding in these cases. Pulmonary 
stenosis in this condition shows only decreased in arterial size and it is nonturbu-
lent. Right aortic arch may be present. TA is classified into three types depends on 
spatial orientation of the great vessels. TA type 1 is a normally oriented great artery, 
which is most common (70–80%) (Figure 6A). Type 2 in 12–25% associated with 
D transposition of great vessels. Type3 is uncommon where there may be common 
arterial trunk or L Transposition. Four chamber view in TA is diagnostic. Ductal 
dependent pulmonary circulation in TA is seen in severe pulmonary stenosis or 
pulmonary atresia in association of small right ventricle. Doppler study of ductus 
venosus shows reverse A wave in end diastole most commonly noted at second 
or third trimester. Associated cardiac findings are great vessel stenosis/atresia, 
coarctation of aorta, interrupted aortic arch, persistent LSVC, Right aortic arch, 
pulmonary venous abnormality and juxtaposition of atrial appendage. Sometimes 
it may be associated with corrected transposition of great arteries where atretic 
tricuspid valve is on left side. Fetal karyotyping should be offered to rule out 22q11 
microdeletion.

Ebstein anomaly, Tricuspid valve dysplasia and tricuspid regurgitation: in 
Ebstein anomaly (Figure 6B) septal and posterior leaflet of TV are displaced infe-
riorly from TV annulus towards the apex and originates from the right ventricular 
myocardium. Anterior leaflet maintains its normal attachment to annulus. Proximal 
portion of right ventricle is then in continuous with the right atrium and forms the 
atrialized portion of right ventricle. Gray scale ultrasound findings in four chamber 
view are cardiomegaly with increased cardiothoracic ratio. Progressive dilatation of 
right atrium with advancing gestation is noted. Attachment of septal leaflet of TV to 
the ventricular wall rather than valve annulus is noted by observing TV anatomy in 
systole and diastole by using cine loop which is essential to differentiating Ebstein 
anomaly from tricuspid valve dysplasia. In severe form of Ebstein anomaly with 

Figure 6. 
(A) Tricuspid atresia with VSD. (B) Ebstein anomaly demonstrating apical displacement of tricuspid valve.
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large atrialized ventricle there will be paradoxical movement of ventricular septum 
noted and pronounced cardiomegaly with compression of both lungs results in lung 
hypoplasia and may results in cardiac failure and hydrops. This anomaly may be 
associated with pulmonary stenosis or atresia. Color Doppler confirms the tricuspid 
regurgitation (TR). TR occurs during entire systole (holosystolic) with peak veloci-
ties of greater than 200 cm/sec. Systolic regurgitant jet typically arises from the 
middle of the right ventricle in contrast to other functional tricuspid regurgitations 
which arises at the level of annulus. Mild Ebstein cases may be missed in utero.

Tricuspid dysplasia: it involves the abnormalities of TV with normal insertion 
of leaflets. It also classified as a part of the pulmonary atresia with intact septum. 
Ultrasound findings are thickened leaflets which do not close properly in systole. 
Enlarged right atrium noted. It also associated with Right ventricular outflow 
obstruction and atrial septal defect. Color Doppler shows regurgitant jet arising 
from annulus. In the presence of significant right ventricular outflow obstruction 
the pulmonary artery may be of normal in size with minimal valvular excursion. 
Color Doppler will demonstrate reverse flow in the ductus arteriosus and may be 
of pulmonary valve regurgitation. Outcome of fetuses with this condition is good 
except in severe form it may be associated with heart failure, RVOT obstruction, 
severe tricuspid regurgitation and high rate of neonatal mortality.

Tricuspid regurgitation (TR): the regurgitant jet is limited to early or mid 
or whole systole is then referred as early systolic or mid systolic or holosystolic, 
respectively. Mild regurgitation peak systolic velocity varies from 30 to 70 cm/sec 
and in severe it may vary from 180 to 350 cm/sec. Mild TR is defined as the jet that 
extends less than 1/3rd of the distance to opposite atrial wall and covers an area less 
than 25% of right atrium. Trivial TR is common finding which is mild and nonho-
losystolic with maximum velocity less than 200 cm/sec. As Abuhamed et al, it is 
reported as 83% of fetuses in low risk in 14–16 weeks. In most of the cases it resolves 
in second trimester. TR is main component in Ebstein anomaly and TV dysplasia. 
RVOT obstructions such as pulmonary atresia with intact septum, pulmonary 
stenosis and constriction of ductus arteriosus are commonly associated with TR. It 
can also present in coarctation of aorta, hypoplastic left heart syndrome, Double 
outlet right ventricle and absent pulmonary valve syndrome. Volume overload like 
fetal anemia, Vein of Galen aneurysm, sacrococcygeal teratoma, chorioangioma, 
in the recipient twin in twin-twin transfusion syndrome and in fetal arrhythmias. 
Impairment of myocardial function like cardiomyopathies, sever IUGR, fetal 
hypoxia and infections or autoimmune myocarditis may associate with TR. In first 
trimester risk assessment TR is diagnosed when peak velocity of regurgitant jet is 
more than 60 cm/sec and duration involves at least half of the systole.

Hypoplastic left syndrome (HLHS): there are two main classic forms of HLHS 
noted. One involving both mitral and aortic atresia with severely hypoplastic left 
ventricle. The other form involves a small left ventricle with hyperechoic wall 
globular shape and poor contractility (Figure 7A). It is often difficult to differenti-
ate HLHS from critical aortic stenosis on fetal echo. Ultrasound findings in four 
chamber view shows small hypokinetic left ventricle with apex is mostly formed 
by right ventricle. The size of left ventricle may be hypoplastic or normal in size 
or sometimes it may even dilate but always associated with poor contractility with 
decreased function this can be demonstrated by M mode. Aortic valve is atretic 
the mitral valve is patent but dysplastic and left ventricle is globular, hypokinetic 
with bright echogenic inner wall. Small left atrium with paradoxical movement of 
leaflet of foramen ovale. In five chamber view, aorta size will be less than 3 mm and 
at three vessel view dilated pulmonary trunk with small or nonvisible aorta noted. 
Color Doppler conforms retrograde flow from ductus arteriosus into aortic isthmus 
(Figure 7B). Pulse Doppler shows end diastolic pronounced reverse flow of A 
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noted. One involving both mitral and aortic atresia with severely hypoplastic left 
ventricle. The other form involves a small left ventricle with hyperechoic wall 
globular shape and poor contractility (Figure 7A). It is often difficult to differenti-
ate HLHS from critical aortic stenosis on fetal echo. Ultrasound findings in four 
chamber view shows small hypokinetic left ventricle with apex is mostly formed 
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wave in pulmonary veins which is dependent on opening of foramen ovale size. In 
severe aortic stenosis left atrium may be dilated due to mitral valve regurgitation. 
Ascending aorta may show post stenotic dilatation. Peak velocities are generally 
>200 cm/sec. HLHS is associated with turner’s syndrome, trisomies 13 and 18, 
Noonan syndrome, Smith-Lemli-Opitz syndrome and Holt-Oram syndrome. 
Follow up scans for every 4–6 weeks is recommended.

Aortic stenosis (AS) and Bicuspid aortic valve (BAV): it is classified as valvular, 
sub valvular and supra valvular depending on anatomical location of the obstruc-
tion in relation to aortic valve. Valvular AS is most diagnosed in prenatal ultrasound 
where the valve leaflets are dysplastic. It may be tricuspid with fused commissures, 

Figure 7. 
(A) Hypoplastic left heart. (B) 3vessele view showing small aorta with reverse flow. (C, E) at the level of 
aortic root showing bicuspid aortic valve with single straight line across valve annulus. (D) Coarctation of 
aorta.
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bicuspid, unicuspid or noncommissural. Mild AS is difficult to diagnose prenatally. 
On gray scale aortic valve is thickened valve leaflets, doming of the cusps and lack 
of complete valve opening during systole noted. Doppler study shows turbulent 
antegrade flow through a normal-size or slightly dilated aortic arch. In shone 
complex the combination of left ventricular inflow and outflow obstruction with 
a normally contractile left ventricle. In shone complex there is narrowing of mitral 
valve orifices with a regular filling of small normally contractile left ventricle.

Bicuspid aortic valve: —this is an autosomal dominant inheritance pattern. It can 
also occur in other cardiac anomalies such as coarctation of Aorta, aortic stenosis 
and ventricular septal defects [23]. In 80–90% cases BAV (Figure 7C and E) is made 
of two unequal leaflets in this larger one results from the fusion of the right and left 
cusps with central raphe and smaller leaflet which by itself is larger than one of the 
three leaflets of a normal aortic valve.

Valve leaflets are best visualized in third trimester and short axis view of aortic 
valve. Ultrasound findings in BAV are mildly dilated ascending aorta with increased 
flow velocities, echogenic aortic valve, visualization of valve leaflets in late systole.

Coarctation of Aorta (CoA) and interrupted aortic arch (IAA): —CoA involves 
narrowing of aorta at isthmic region typically located between left subclavian 
artery and ductus arteriosus (Figure 7D). If long segment of aorta involved, it 
is known as tubular hypoplasia. Recurrent rate for CoA is 2–6% for previously 
affected child 4% an affected mother [24, 25]. CoA is simple without associated 
with intra cardiac lesions and complex when it is associated with significant intra 
cardiac lesions like HLHS, Aortic atresia, unbalanced AV defect with a narrow-
left ventricle, DORV, Tricuspid atresia with VSD and malposition of great vessels 
(type2), double inlet ventricle/single ventricle and corrected TGA. Ultrasound 
findings of CoA are ventricular disproportion left is <right. Ratio of right to left 
ventricular width should be more than 1.69 [26]. In this case, normal ventricular 
contractility and patent Mitral valve noted. Occasionally it may be associated with 
persistent left superior vena cava (PLSVC). In five chamber view normal ascending 
aorta normal or small aortic root especially if it is associated with perimembranous 
VSD or Aortic stenosis. On 3VT view narrowing of transverse aortic arch diameter 
more at isthmic region. PLSVC noted left of ductal arch. Narrowing and shelf is 
better assessed in longitudinal aortic arch section. Color Doppler confirms normal 
ventricular filling during diastole which differentiates CoA to HLHS. Narrowing 
of isthmus with normal flow without any aliasing noted. Look for shelf sign which 
is noted at the junction between the ductus arteriosus and descending aorta. An 
accurate diagnosis of CoA in early gestation is difficult as the ventricular dispropor-
tion found in early gestation may resolve with advancing gestation. Associated non 
cardiac findings are vascular anomalies like variations in brachiocephalic anatomy, 
berry aneurysm of circle of Willis. And nonvascular lesions involving multiple 
organs like Genitourinary, Musculoskeletal, Gastrointestinal and others may be 
present in 30% of children [27]. Associated aneuploidy rate is up to 35% (10), com-
monly associated with turner syndrome and occasionally with trisomy 13 and 18. 
CoA is difficult to detect prenatally with high false positive and false negative  
rates [28, 29].

Interrupted Aortic arch: it is classified into Type A, B and c in relation to 
brachiocephalic vessels. Type B is most common and is associated with large 
malaligned VSD and posterior displacement of infundibular septum. Type A is 
similar to Coarctation of aorta. Four chamber view usually appears on normal 
five chamber view shows large VSD with small aortic root showing nonturbulent 
flow. 3 VT view demonstrates absent continuity of aortic arch. Trachea appears to 
touch pulmonary artery due to absence of medially located aortic arch. It is associ-
ated with 22q11 deletion where the thymus is hypoplastic or absent in 3VT view. 
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bicuspid, unicuspid or noncommissural. Mild AS is difficult to diagnose prenatally. 
On gray scale aortic valve is thickened valve leaflets, doming of the cusps and lack 
of complete valve opening during systole noted. Doppler study shows turbulent 
antegrade flow through a normal-size or slightly dilated aortic arch. In shone 
complex the combination of left ventricular inflow and outflow obstruction with 
a normally contractile left ventricle. In shone complex there is narrowing of mitral 
valve orifices with a regular filling of small normally contractile left ventricle.

Bicuspid aortic valve: —this is an autosomal dominant inheritance pattern. It can 
also occur in other cardiac anomalies such as coarctation of Aorta, aortic stenosis 
and ventricular septal defects [23]. In 80–90% cases BAV (Figure 7C and E) is made 
of two unequal leaflets in this larger one results from the fusion of the right and left 
cusps with central raphe and smaller leaflet which by itself is larger than one of the 
three leaflets of a normal aortic valve.
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narrowing of aorta at isthmic region typically located between left subclavian 
artery and ductus arteriosus (Figure 7D). If long segment of aorta involved, it 
is known as tubular hypoplasia. Recurrent rate for CoA is 2–6% for previously 
affected child 4% an affected mother [24, 25]. CoA is simple without associated 
with intra cardiac lesions and complex when it is associated with significant intra 
cardiac lesions like HLHS, Aortic atresia, unbalanced AV defect with a narrow-
left ventricle, DORV, Tricuspid atresia with VSD and malposition of great vessels 
(type2), double inlet ventricle/single ventricle and corrected TGA. Ultrasound 
findings of CoA are ventricular disproportion left is <right. Ratio of right to left 
ventricular width should be more than 1.69 [26]. In this case, normal ventricular 
contractility and patent Mitral valve noted. Occasionally it may be associated with 
persistent left superior vena cava (PLSVC). In five chamber view normal ascending 
aorta normal or small aortic root especially if it is associated with perimembranous 
VSD or Aortic stenosis. On 3VT view narrowing of transverse aortic arch diameter 
more at isthmic region. PLSVC noted left of ductal arch. Narrowing and shelf is 
better assessed in longitudinal aortic arch section. Color Doppler confirms normal 
ventricular filling during diastole which differentiates CoA to HLHS. Narrowing 
of isthmus with normal flow without any aliasing noted. Look for shelf sign which 
is noted at the junction between the ductus arteriosus and descending aorta. An 
accurate diagnosis of CoA in early gestation is difficult as the ventricular dispropor-
tion found in early gestation may resolve with advancing gestation. Associated non 
cardiac findings are vascular anomalies like variations in brachiocephalic anatomy, 
berry aneurysm of circle of Willis. And nonvascular lesions involving multiple 
organs like Genitourinary, Musculoskeletal, Gastrointestinal and others may be 
present in 30% of children [27]. Associated aneuploidy rate is up to 35% (10), com-
monly associated with turner syndrome and occasionally with trisomy 13 and 18. 
CoA is difficult to detect prenatally with high false positive and false negative  
rates [28, 29].

Interrupted Aortic arch: it is classified into Type A, B and c in relation to 
brachiocephalic vessels. Type B is most common and is associated with large 
malaligned VSD and posterior displacement of infundibular septum. Type A is 
similar to Coarctation of aorta. Four chamber view usually appears on normal 
five chamber view shows large VSD with small aortic root showing nonturbulent 
flow. 3 VT view demonstrates absent continuity of aortic arch. Trachea appears to 
touch pulmonary artery due to absence of medially located aortic arch. It is associ-
ated with 22q11 deletion where the thymus is hypoplastic or absent in 3VT view. 
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Instead of candy cane appearance longitudinal aortic arch shows straight course 
with brachiocephalic and left common carotid vessels. Left subclavian artery arises 
from ductus arteriosus. Slightly dilated pulmonary trunk in 3 VT view. Occasionally 
associated with aberrant right subclavian artery (ARSA) or aberrant left subclavian 
artery (ALSA). 50% of IAA type B is associated with 22q11 microdeletion [30–32]. 
About 43% is associated with DiGeorge syndrome [33]. It may also associated with 
turner syndrome, pulmonary stenosis (PS), pulmonary atresia with intact ventricu-
lar septum (PA-IVS) and ductus arteriosus constriction.

Pulmonary stenosis: There may be infravalvular (infundibulum) narrowing 
or rarely supra valvular narrowing involving the main pulmonary artery or its 
branch. This is typically associated with tetralogy of fallot, Twin-twin transfusion 
syndrome. Valvular stenosis is due to fusion of valve commissures. Sometimes it 
may be due to unfused thickened dysplastic valve leaflets with associated pulmo-
nary regurgitation usually associated with Noonan syndrome. Recurrence of PS is 
2%in one affected sibling 6% when two siblings are affected. Ultrasound findings 
in PS in 4 chamber view are right ventricular hypertrophy with bulging of septum 
into left side TV shows normal leaflet excursion may associated with tricuspid 
regurgitation leads to right atrial dilatation. Right ventricular outflow view shows 
abnormal excursion, thickening and doming of valvular leaflets during systole. 
Valvular leaflets are visible within pulmonary artery throughout cardiac cycle. 3vv 
and 3vt view shows post stenotic dilatation. Color Doppler of PulmonaryValve 
shows turbulent antegrade flow with color aliasing. Pulse Doppler shows high 
flow velocities >200 cm/sec. Most of the cases shows antegrade flow in ductus 
arteriosus. Retrograde flow across the ductus arteriosus is a poor sign. In sever PS 
tricuspid valve shows holosystolic regurgitation. Ductus venosus shows reverse a 
wave. Associated cardiac lesions are tricuspid regurgitation, ASD, Aortic stenosis, 
Tricuspid Stenosis and Total anomalous pulmonary venous connection. Associated 
syndrome are Noonan, Beckwith-Wiedemann, Alagille and Williams-Beuren. Every 
2–4 weeks of follow-up, scans are recommended.

Pulmonary atresia with intact ventricular septum (PA-IVS): —here, the PA is 
membranous type with complete fusion of commissures and normally developed 
infundibulum. In PA-IVS and hypoplastic right ventricle may show anomaly 
of coronary circulation known as ventriculocoronary arterial communication 
(VCAS). Systemic collateral arteries to lung are typical to PA-with VSD and not 
with PA-IVS. Ultrasound findings in PA-IVS (Figure 8A and B) are hypoplastic 
and hypokinetic right ventricle with thickened walls. The size of right ventricle 
May vary from nearly absent or hypoplastic or normal with poor contractility. 
Dysplastic tricuspid valve with narrow annulus and abnormal leaflet excursion 
noted. Hypoplastic main pulmonary artery noted. Color Doppler shows the lack of 
adequate filling of right ventricle during diastole. No antegrade flow across PV and 
reverse flow in ductus arteriosus. Dilated aorta with normal antegrade flow.in color 
Doppler VCACs which siphon right ventricular blood during systole, in the presence 
of Right ventricular cavity with diastolic filling and without significant regurgita-
tion the apex or right ventricular wall as turbulent flow followed along the wall of 
right ventricle until the origin of the right or left coronary artery at the aortic root. 
Pulse Doppler demonstrates bidirectional turbulent flow with high velocities. Poor 
prognostic findings are severe tricuspid regurgitation, small tricuspid valve annulus 
(Z-score < 3or 4), small Rv/Lv length or width (<0.5), presence of VCAC, associ-
ated extracardiac abnormalities and chromosomal abnormalities.

Premature constriction of the ductus arteriosus: —DA is a muscular tube which 
connects the MPA at the origin of left PA to the descending aorta just distal to the 
left subclavian artery. It is the largest vessel in the fetus equal to that of descend-
ing aorta. In advanced gestation, increased deposition of collagen, elastin and 
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glycoprotein with proliferation of smooth muscle to prepare for postnatal closure 
this narrowing can be monitored by prenatal ultrasound. Most cases of DA con-
striction are due to maternal drug therapy with prostaglandin synthetase inhibitors 
in late gestation. On gray scale it is difficult to diagnose this condition. Sometimes 
it may show dilated and hypokinetic right ventricle noted. Color Doppler reveals 
holosystolic tricuspid regurgitation. Dilated Right ventricular out flow tract, 
pulmonary artery and narrow ductus arteriosus by showing turbulent high diastolic 
and systolic velocities of around 200-300 cm/sec diastolic >35 cm/sec with PI less 
than 1.9. Interruption of drug therapy reverses the constriction within 24-48 hours 
but TR may persists longer time.

TOF (Figure 8C and D) is characterized by malaligned VSD (sub aortic), 
overriding aorta (aortic root overrides the VSD) assumes a parallel course to the 
septum, infundibular pulmonary stenosis and right ventricular hypertrophy. In 
4chamber view normal or may show the VSD. Deviation of axis may be the first 
clue. On five chamber view shows perimembranous sub aortic VSD with overriding 
of aorta by demonstrating discontinuity between IVS and medial aortic wall which 
is known as malaligned VSD. There by the aorta is slightly shifted towards right side 
(Aortic dextroposition) so aorta receives blood from both right and left vetricles 
becomes dilated. Short axis or three vessel view shows narrow pulmonary artery. 
Mild TOF can be missed in second trimester scans due to subtle changes. Sometimes 
perimembranous VSD is evident without vessel diameter discrepancy in second 
trimester. Inflow of aorta shows aliased due to high perfusion where as in pulmonary 
artery may generally shows normal or only slightly increased flow. In TOF instead 
of PS, it may also associated with pulmonary atresia or absent pulmonary valve. 
Associated cardiac abnormalities are right sided aortic arches, sometimes TOF may 
associate with AVSD which increase the risk of chromosomal abnormalities [34]. 
A patent foramen ovale or atrial septal defect has been reported in 83% and PLSVC 
in 11%of new born with TOF [35]. Chromosomal abnormalities are around 30% 
with trisomies 21, 13 and 18 [20]. TOF may be associated with 22q11 microdeletion. 

Figure 8. 
(A) Pulmonary atresia with intact septum showing hypoplasia of right ventricle absence of blood flow across 
dysplastic tricuspid valve. (B) PA-IVS 3VT view showing small pulmonary artery. (C) Case of TOF in five 
chamber view showing large ventricular septal defect and dilated overriding aorta, with a parallel to the 
ventricular septum. (D) In TOF 3VV showing small pulmonary artery with dilated aorta and descending 
aorta on the right side of the spine as an associated with right aortic arch. (E, F) Absent pulmonary valve 
syndrome showing grossly dilated pulmonary artery showing high velocities with color aliasing.
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lar septum (PA-IVS) and ductus arteriosus constriction.
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glycoprotein with proliferation of smooth muscle to prepare for postnatal closure 
this narrowing can be monitored by prenatal ultrasound. Most cases of DA con-
striction are due to maternal drug therapy with prostaglandin synthetase inhibitors 
in late gestation. On gray scale it is difficult to diagnose this condition. Sometimes 
it may show dilated and hypokinetic right ventricle noted. Color Doppler reveals 
holosystolic tricuspid regurgitation. Dilated Right ventricular out flow tract, 
pulmonary artery and narrow ductus arteriosus by showing turbulent high diastolic 
and systolic velocities of around 200-300 cm/sec diastolic >35 cm/sec with PI less 
than 1.9. Interruption of drug therapy reverses the constriction within 24-48 hours 
but TR may persists longer time.

TOF (Figure 8C and D) is characterized by malaligned VSD (sub aortic), 
overriding aorta (aortic root overrides the VSD) assumes a parallel course to the 
septum, infundibular pulmonary stenosis and right ventricular hypertrophy. In 
4chamber view normal or may show the VSD. Deviation of axis may be the first 
clue. On five chamber view shows perimembranous sub aortic VSD with overriding 
of aorta by demonstrating discontinuity between IVS and medial aortic wall which 
is known as malaligned VSD. There by the aorta is slightly shifted towards right side 
(Aortic dextroposition) so aorta receives blood from both right and left vetricles 
becomes dilated. Short axis or three vessel view shows narrow pulmonary artery. 
Mild TOF can be missed in second trimester scans due to subtle changes. Sometimes 
perimembranous VSD is evident without vessel diameter discrepancy in second 
trimester. Inflow of aorta shows aliased due to high perfusion where as in pulmonary 
artery may generally shows normal or only slightly increased flow. In TOF instead 
of PS, it may also associated with pulmonary atresia or absent pulmonary valve. 
Associated cardiac abnormalities are right sided aortic arches, sometimes TOF may 
associate with AVSD which increase the risk of chromosomal abnormalities [34]. 
A patent foramen ovale or atrial septal defect has been reported in 83% and PLSVC 
in 11%of new born with TOF [35]. Chromosomal abnormalities are around 30% 
with trisomies 21, 13 and 18 [20]. TOF may be associated with 22q11 microdeletion. 

Figure 8. 
(A) Pulmonary atresia with intact septum showing hypoplasia of right ventricle absence of blood flow across 
dysplastic tricuspid valve. (B) PA-IVS 3VT view showing small pulmonary artery. (C) Case of TOF in five 
chamber view showing large ventricular septal defect and dilated overriding aorta, with a parallel to the 
ventricular septum. (D) In TOF 3VV showing small pulmonary artery with dilated aorta and descending 
aorta on the right side of the spine as an associated with right aortic arch. (E, F) Absent pulmonary valve 
syndrome showing grossly dilated pulmonary artery showing high velocities with color aliasing.
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It may also found in Alagille syndrome, CHARGE syndrome [10]. Follow up scans 
to evaluate pulmonary artery growth and flow across the ductus arteriosus. A pul-
monary valve and aortic valve ratio of<0.6 or a pulmonary valve Z-score of-3 at fetal 
fine echocardiogram (10) was highly sensitive but poor specific whereas classifying 
direction of flow in the ductus arteriosus as either normal or abnormal was both  
highly sensitive and specific for predicting the need for a neonatal intervention.

Pulmonary atresia with VSD: —includes atresia of PV hypoplasia of pulmonary 
artery and membranous or infundibular VSD, and an overriding of aorta. Distinct 
features that differentiate PA-VSD to TOF are no right ventricular outflow severe 
abnormalities of pulmonary circulation. The source of blood supply to lungs mainly 
depends on ductus arteriosus and systemic pulmonary collateral circulation or 
combination of both. Collaterals arising from descending aorta to lungs is known as 
major aortopulmonary collateral arteries (MAPCAs). This is commonly seen with 
diabetic mother.it is also commonly associated with 22q11 microdeletion. Ultrasound 
findings are similar to TOF except the diameter of aortic root has a larger diameter 
than TOF. In 3VV hypoplastic PA can occasionally visualized. In some cases, closed 
pulmonary valve with absent proximal pulmonary trunk noted. Ductus arteriosus 
tortuous and hypoplastic or may be dilated. Color Doppler demonstrates absent flow 
from right ventricle to pulmonary trunk and retrograde filling in branching pulmo-
nary arteries. A longitudinal view of aorta from anterior or lateral approach may 
show the MAPCAs arising from descending aorta which need low velocity Doppler 
settings. Associated cardiac malformations are right sided aortic arch in 20–50% 
of cases [36]. ASD secundum type is commonly seen postnatally [37]. The absence 
of ductus arteriosus is in half the cases. MAPCAs are associated in about 44% of 
cases [38]. Extra cardiac association are with 22q11microdeletion which is found in 
18–25%of fetuses [38, 39] previous type IV CAT where both the branching PA aris-
ing directly from descending aorta is currently classified as PA-VSD.

Absent pulmonary valve syndrome: absent or dysplastic or rudimentary pul-
monary valve leaflets with an outlet VSD and an overriding Aorta noted in TOF-
APVS. Most of the times it may be associated with absent patent ductus arteriosus. 
Branching arteries are grossly dilated and main pulmonary valve annulus shows 
signs of stenosis and severe insufficiency. It may also be associated with air way 
abnormalities. The rarer form of APVS with an intact septum and less dilated 
pulmonary trunk and a patent ductus arteriosus are reported. Four chamber may 
be normal or may show dilated right ventricle. Five chamber view may show VSD 
with overriding aorta with normal aortic root (not dilated as in TOF). Short axis 
and 3VT view shows aneurysmal dilatation of pulmonary artery and massively 
dilated branch pulmonary arteries.in most cases absent ductus arteriosus noted 
[40]. On color Doppler high velocities across PV annulus with typical to-and-fro 
flow with peak systolic velocities approx. Meas 200–250 cm/sec (Figure 8E and F). 
Sometimes there may be tricuspid regurgitation. A normal sized pulmonary artery 
may present in early gestation and full spectrum of APVS may not be evident till 
late gestation.so, diagnosis of APVS is difficult in early gestation. High mortality in 
APVS is due to cardiac failure or bronchomalacia.

Common arterial trunk (CAT): also known as persistent truncus arteriosus, 
aorticopulmonary trunk and truncus arteriosus communis. It is characterized by a 
single arterial trunk which arises from the base of the heart and gives origin to the 
systemic, pulmonary and coronary circulations. A large VSD is nearly absent in 
infundibular septum [41]. It is classified into four types. Type 1 is a short pulmo-
nary trunk arises from the CAT and divides into right and left pulmonary arteries 
(Figure 9A and B). In type 2 and 3, both pulmonary arteries arise separately they 
may be close anatomically (from posteriorly) as in type2 or some distance from 
one another as in type3 (laterally) and in type 4 which is reclassified as PA-VSD. 
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The root is of CAT is large and has biventricular origin. In most of the cases root 
arise entirely from right ventricle rarely from left ventricle. On ultrasound levorota-
tion of heart noted. Large malaligned VSD with overriding large vessel with color 
aliasing noted on 5 chamber view with pulmonary trunk arising from overriding 
vessel. Root is large with thickened dysplastic leaflets 3VT view show a single large 
vessel represents artic arch as the ductus arteriosus is not developed in more than 
50% of cases [9]. In an interrupted aortic arch there is an absent continuity of aortic 
isthmus noted. Seventy percent of the cases aortic arch is left of trachea (right aortic 
arch). In about 1/3rd of cases hypoplastic or absent thymus noted [30, 38, 42]. 
Aortic arch abnormalities are commonly associated with CAT. 21–36% right sided 
aortic arch 15% with interrupted arch rarely hypoplasia of arch or double aortic arch 
noted. It may be associated with trisomies 21,18, 13 and 22q11 deletion is reported in 
30–40%of the cases [43–45]. It is more commonly seen in diabetic mother.

Double outlet right ventricle (DORV): it is a type of ventriculoarterial connec-
tion, where both the great vessels arise from right ventricle. Several types of DORV 
(Figure 9E and F) noted, differing with regard to spatial relationship of the great 
arteries, location of the VSD, presence or absence of outflow obstruction. There are 
four types of anatomic relationships of the aorta to pulmonary artery at the level 
of semilunar valves [46]. They are right posterior aorta, a right anterior aorta, left 
anterior aorta and right lateral aorta. Location of VSD which is associated with 
DORV are sub aortic type, sub pulmonic type, doubly committed and remote. 
Ultrasound findings are abnormal ventriculoarterial connections. It may associate 
with atrioventricular valves like Mitral atresia, AVSD and double inlet ventricle. 
Five chamber view demonstrates VSD, the lack of continuity of the medial wall 
of the aorta with septum, origin of both vessels is from the anterior chamber. 
The location and relation of VSD to great arteries should be evaluated. Angle the 
transducer in between 5 chamber and 3VT view to demonstrate parallel course 

Figure 9. 
(A) Five chamber view showing large overriding common arterial trunk. (B) Common arterial trunk with 
small pulmonary artery and large aorta. (C) Parallel origin of great vessels in DTGA. Aorta arising anteriorly 
from right ventricle and is right of the pulmonary artery which arises from left ventricle. (D) 3VT the aorta is 
seen as single large bent vessel as right convex shape i.e., I sign. (E, F) outflow tract view showing DORV.
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It may also found in Alagille syndrome, CHARGE syndrome [10]. Follow up scans 
to evaluate pulmonary artery growth and flow across the ductus arteriosus. A pul-
monary valve and aortic valve ratio of<0.6 or a pulmonary valve Z-score of-3 at fetal 
fine echocardiogram (10) was highly sensitive but poor specific whereas classifying 
direction of flow in the ductus arteriosus as either normal or abnormal was both  
highly sensitive and specific for predicting the need for a neonatal intervention.

Pulmonary atresia with VSD: —includes atresia of PV hypoplasia of pulmonary 
artery and membranous or infundibular VSD, and an overriding of aorta. Distinct 
features that differentiate PA-VSD to TOF are no right ventricular outflow severe 
abnormalities of pulmonary circulation. The source of blood supply to lungs mainly 
depends on ductus arteriosus and systemic pulmonary collateral circulation or 
combination of both. Collaterals arising from descending aorta to lungs is known as 
major aortopulmonary collateral arteries (MAPCAs). This is commonly seen with 
diabetic mother.it is also commonly associated with 22q11 microdeletion. Ultrasound 
findings are similar to TOF except the diameter of aortic root has a larger diameter 
than TOF. In 3VV hypoplastic PA can occasionally visualized. In some cases, closed 
pulmonary valve with absent proximal pulmonary trunk noted. Ductus arteriosus 
tortuous and hypoplastic or may be dilated. Color Doppler demonstrates absent flow 
from right ventricle to pulmonary trunk and retrograde filling in branching pulmo-
nary arteries. A longitudinal view of aorta from anterior or lateral approach may 
show the MAPCAs arising from descending aorta which need low velocity Doppler 
settings. Associated cardiac malformations are right sided aortic arch in 20–50% 
of cases [36]. ASD secundum type is commonly seen postnatally [37]. The absence 
of ductus arteriosus is in half the cases. MAPCAs are associated in about 44% of 
cases [38]. Extra cardiac association are with 22q11microdeletion which is found in 
18–25%of fetuses [38, 39] previous type IV CAT where both the branching PA aris-
ing directly from descending aorta is currently classified as PA-VSD.

Absent pulmonary valve syndrome: absent or dysplastic or rudimentary pul-
monary valve leaflets with an outlet VSD and an overriding Aorta noted in TOF-
APVS. Most of the times it may be associated with absent patent ductus arteriosus. 
Branching arteries are grossly dilated and main pulmonary valve annulus shows 
signs of stenosis and severe insufficiency. It may also be associated with air way 
abnormalities. The rarer form of APVS with an intact septum and less dilated 
pulmonary trunk and a patent ductus arteriosus are reported. Four chamber may 
be normal or may show dilated right ventricle. Five chamber view may show VSD 
with overriding aorta with normal aortic root (not dilated as in TOF). Short axis 
and 3VT view shows aneurysmal dilatation of pulmonary artery and massively 
dilated branch pulmonary arteries.in most cases absent ductus arteriosus noted 
[40]. On color Doppler high velocities across PV annulus with typical to-and-fro 
flow with peak systolic velocities approx. Meas 200–250 cm/sec (Figure 8E and F). 
Sometimes there may be tricuspid regurgitation. A normal sized pulmonary artery 
may present in early gestation and full spectrum of APVS may not be evident till 
late gestation.so, diagnosis of APVS is difficult in early gestation. High mortality in 
APVS is due to cardiac failure or bronchomalacia.

Common arterial trunk (CAT): also known as persistent truncus arteriosus, 
aorticopulmonary trunk and truncus arteriosus communis. It is characterized by a 
single arterial trunk which arises from the base of the heart and gives origin to the 
systemic, pulmonary and coronary circulations. A large VSD is nearly absent in 
infundibular septum [41]. It is classified into four types. Type 1 is a short pulmo-
nary trunk arises from the CAT and divides into right and left pulmonary arteries 
(Figure 9A and B). In type 2 and 3, both pulmonary arteries arise separately they 
may be close anatomically (from posteriorly) as in type2 or some distance from 
one another as in type3 (laterally) and in type 4 which is reclassified as PA-VSD. 
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The root is of CAT is large and has biventricular origin. In most of the cases root 
arise entirely from right ventricle rarely from left ventricle. On ultrasound levorota-
tion of heart noted. Large malaligned VSD with overriding large vessel with color 
aliasing noted on 5 chamber view with pulmonary trunk arising from overriding 
vessel. Root is large with thickened dysplastic leaflets 3VT view show a single large 
vessel represents artic arch as the ductus arteriosus is not developed in more than 
50% of cases [9]. In an interrupted aortic arch there is an absent continuity of aortic 
isthmus noted. Seventy percent of the cases aortic arch is left of trachea (right aortic 
arch). In about 1/3rd of cases hypoplastic or absent thymus noted [30, 38, 42]. 
Aortic arch abnormalities are commonly associated with CAT. 21–36% right sided 
aortic arch 15% with interrupted arch rarely hypoplasia of arch or double aortic arch 
noted. It may be associated with trisomies 21,18, 13 and 22q11 deletion is reported in 
30–40%of the cases [43–45]. It is more commonly seen in diabetic mother.

Double outlet right ventricle (DORV): it is a type of ventriculoarterial connec-
tion, where both the great vessels arise from right ventricle. Several types of DORV 
(Figure 9E and F) noted, differing with regard to spatial relationship of the great 
arteries, location of the VSD, presence or absence of outflow obstruction. There are 
four types of anatomic relationships of the aorta to pulmonary artery at the level 
of semilunar valves [46]. They are right posterior aorta, a right anterior aorta, left 
anterior aorta and right lateral aorta. Location of VSD which is associated with 
DORV are sub aortic type, sub pulmonic type, doubly committed and remote. 
Ultrasound findings are abnormal ventriculoarterial connections. It may associate 
with atrioventricular valves like Mitral atresia, AVSD and double inlet ventricle. 
Five chamber view demonstrates VSD, the lack of continuity of the medial wall 
of the aorta with septum, origin of both vessels is from the anterior chamber. 
The location and relation of VSD to great arteries should be evaluated. Angle the 
transducer in between 5 chamber and 3VT view to demonstrate parallel course 

Figure 9. 
(A) Five chamber view showing large overriding common arterial trunk. (B) Common arterial trunk with 
small pulmonary artery and large aorta. (C) Parallel origin of great vessels in DTGA. Aorta arising anteriorly 
from right ventricle and is right of the pulmonary artery which arises from left ventricle. (D) 3VT the aorta is 
seen as single large bent vessel as right convex shape i.e., I sign. (E, F) outflow tract view showing DORV.



Advanced Concepts in Endocarditis - 2021

108

of great vessels. Pulmonary artery atresia/stenosis is more common than aortic 
involvement. PS is most commonly associated with malformation in about 70% of 
cases [47] right sided aortic arch may be seen on 3VT view. The abnormal anatomic 
relation of great arteries can be better depicted on color Doppler. If atresia/stenosis 
of vessel is present, color Doppler helps to demonstrate a single large vessel on 
3VT view. Cardiac malformations associated with DORV are mitral atresia, cleft 
in anterior mitral leaflet, ASD, AVSD, sub aortic stenosis, aortic coarctation, right 
aortic arch, persistent left svc and anomalous pulmonary venous return. DORV 
with AVSD may be noted in isomerism. DORV may also be noted with complex 
corrected transposition. In 12–40% of cases, chromosomal abnormalities includ-
ing trisomies 18, 13 and 22q11 microdeletion are noted [48–50]. Poor prognostic 
signs associated with DORV are tubular or hypoplastic aorta, pulmonary atresia, 
hypoplastic left ventricle/single ventricle physiology, mitral atresia, AVSD and situs 
ambiguous.

Complete and congenitally corrected Transposition of great arteries: in 
complete transposition of great arteries (DTGA) atrioventricular concordance 
and ventriculoarterial discordance. Both great arteries display parallel course 
with aorta anterior and to right of pulmonary artery. It may present as simple or 
associate with other cardiac malformations (complex DTGA). VSD and PS are 
common association with DTGA and may be present alone or in combination in 
up to 30–40% of cases. Ultrasound findings are that five chamber view shows 
pulmonary artery arising from left ventricle and bifurcating shortly from its 
origin and aorta is arising from right ventricle in an anterior and parallel course 
to pulmonary artery. Transverse view in upper thorax demonstrates a single large 
anteriorly and superiorly placed vessel with SVC to its right. The single large vessel 
noted in 3VT view is Aorta and it assumes a right convex shape known as I sign 
(Figure 9C and D). On longitudinal view hockey stick appearance to aorta and 
candy cane appearance to pulmonary artery noted. Congenitally corrected trans-
position of great vessels (LTGA/ccTGA): characterized by atrioventricular and 
ventriculoarterial discordance. In ccTGA aorta is located anteriorly and left of the 
pulmonary artery. It has 2% recurrence risk in first degree relatives [51]. In some 
cases of ccTGA with dextrocardia or situs inversus, right atrium may be left sided 
and with double discordance of the ventricles and great vessels hemodynamically 
this condition resembles D-TGA. Situs inversus with ccTGA is noted in 5% of cases 
and dextro or mesocardia in 25% cases [52]. Sequential segmental analysis of fetal 
heart should be done to rule out situs abnormalities. Four chamber view assess  
ventricular morphology. Morphologic right ventricle in ccTGA is left posterior and 
is connected to left atrium. Morphology of right ventricle such as moderator band, 
apical attachment of AV valve, irregularity of the endocardial surface and a more 
triangle shape. Morphologic left ventricle is in right anterior and is connected to 
right atrium where it is characterized by smooth surface and elongated appearance 
with an Apex formation. Out flow tract shows pulmonary artery arising from right 
sided morphologic left ventricle and aorta from left sided right ventricle in parallel 
course with aorta anterior and left of the pulmonary artery. Here the PA arising 
from right sided ventricle has a course towards left side and aorta arising from left 
sided ventricle also courses towards left where as in DTGA aorta is coursing towards 
right side. Poor long-term prognosis is noted in ccTGA in association with Ebstein 
malformation of tricuspid valve, degree of TR, systemic right ventricular dysfunc-
tion and complete heart block. Survival rates exceeded 80% in prenatally diagnosed 
ccTGA when pregnancy was continued [53, 54].

Right aortic arch, double aortic arch  and aberrant subclavian artery (ARSA):—
Ultrasound findings in right aortic arch are: four chamber view shows descend-
ing aorta and is more centrally located. The detection and classification can be 
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achieved in 3VT view where the aorta courses to right side of trachea. There are 
three subgroups: (1) right aortic arch with right ductus arteriosus (Rt V sign) here 
both the aorta and ductus arteriosus merges together on the right of trachea with a 
V configuration. There is mirror imaging branch pattern to normal left aortic arch 
noted. (2) Right aortic arch with left ductus arch (Usign): in this pattern, right-
sided aorta with DA on to the left of trachea. Trachea is in between the DA and aorta 
(Figure 10A and C) in most of the cases it is associated with aberrant left subcla-
vian artery. Arising from junction between ductus arteriosus and descending aorta 
called Kommerell diverticulum [55]. (3) Double aortic arch-aorta courses to right 
side of the trachea but bifurcates and one goes to left another one to right of trachea 
resembling Lambda configuration. Esophagus and trachea is entraped. Two vessels 
arise from each aortic arch.

Aberrant right subclavian artery (ARSA): in this, instead of three vessels, four 
vessels arises from left sided aortic arch from proximal to distal are right common 
carotid, left common carotid, left subclavian and ARSA. ARSA (Figure 10B) arises 
distally from aortic arch and courses towards left side of chest behind trachea and 
esophagus and to the right upper arm. This is also known as retrophayngeal right 
sub clavian artery or Lusorian artery. On 3VT ARSA is noted at the junction of 
aortic arch and ductus arteriosus with a course behind the trachea towards right 
shoulder. It may be isolated or commonly associated with conotruncal anomaly, 
22q11microdeletion and trisomy 21.

Heterotaxy and situs inversus:-normal development and positioning of thoracic 
and abdominal organs is situs solitus. Situs inversus is mirror image arrangement of 
thoracic and abdominal viscera. Different arrangement of thoracic and abdominal 
viscera other than situs solitus and situs inversus is situs ambiguous or Heterotaxy 
syndrome or isomerism is characterized by an abnormal symmetry of the viscera 
that are normally dissimilar, which has different arrangement than situs solitus 
or situs inversus. This is due to abnormal lateralization of thoracic and abdominal 
viscera and is frequently associated with complex cardiac anomalies. Isomerism 
may be of right or left. Left isomerism (Figure 11A) the Ultrasound finding that 
strongly suggested in the presence of a combination of at least two of the  following: 
(1) Viscerocardiac heterotaxy; (2) complete AVSD or other structural heart 
 disease; (3) interruption of IVC with azygos continuation; (4) early fetal heart  
block; Right isomerism (Figure 11B and C) should be suspected in the presence 
of a combination of at least two of the following: (1) Viscerocardiac Heterotaxy, 
(2) structural heart disease, namely complete AVSD; (3) juxtaposition of IVC 
and descending aorta. If both interrupted IVC and complete heart block are 
observed, we can almost be sure that there is LAI. Left isomerism: bilateral left 
sidedness with maldevelopment of right-side structures. Morphologic left charac-
teristics such as bilateral left bronchi, bilobed lungs, finger-like atrial appendages. 

Figure 10. 
(A) CCTGA with right aortic arch. (B) Right aortic arch with Usign. (C) ARSA coursing behind the trachea.
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of great vessels. Pulmonary artery atresia/stenosis is more common than aortic 
involvement. PS is most commonly associated with malformation in about 70% of 
cases [47] right sided aortic arch may be seen on 3VT view. The abnormal anatomic 
relation of great arteries can be better depicted on color Doppler. If atresia/stenosis 
of vessel is present, color Doppler helps to demonstrate a single large vessel on 
3VT view. Cardiac malformations associated with DORV are mitral atresia, cleft 
in anterior mitral leaflet, ASD, AVSD, sub aortic stenosis, aortic coarctation, right 
aortic arch, persistent left svc and anomalous pulmonary venous return. DORV 
with AVSD may be noted in isomerism. DORV may also be noted with complex 
corrected transposition. In 12–40% of cases, chromosomal abnormalities includ-
ing trisomies 18, 13 and 22q11 microdeletion are noted [48–50]. Poor prognostic 
signs associated with DORV are tubular or hypoplastic aorta, pulmonary atresia, 
hypoplastic left ventricle/single ventricle physiology, mitral atresia, AVSD and situs 
ambiguous.

Complete and congenitally corrected Transposition of great arteries: in 
complete transposition of great arteries (DTGA) atrioventricular concordance 
and ventriculoarterial discordance. Both great arteries display parallel course 
with aorta anterior and to right of pulmonary artery. It may present as simple or 
associate with other cardiac malformations (complex DTGA). VSD and PS are 
common association with DTGA and may be present alone or in combination in 
up to 30–40% of cases. Ultrasound findings are that five chamber view shows 
pulmonary artery arising from left ventricle and bifurcating shortly from its 
origin and aorta is arising from right ventricle in an anterior and parallel course 
to pulmonary artery. Transverse view in upper thorax demonstrates a single large 
anteriorly and superiorly placed vessel with SVC to its right. The single large vessel 
noted in 3VT view is Aorta and it assumes a right convex shape known as I sign 
(Figure 9C and D). On longitudinal view hockey stick appearance to aorta and 
candy cane appearance to pulmonary artery noted. Congenitally corrected trans-
position of great vessels (LTGA/ccTGA): characterized by atrioventricular and 
ventriculoarterial discordance. In ccTGA aorta is located anteriorly and left of the 
pulmonary artery. It has 2% recurrence risk in first degree relatives [51]. In some 
cases of ccTGA with dextrocardia or situs inversus, right atrium may be left sided 
and with double discordance of the ventricles and great vessels hemodynamically 
this condition resembles D-TGA. Situs inversus with ccTGA is noted in 5% of cases 
and dextro or mesocardia in 25% cases [52]. Sequential segmental analysis of fetal 
heart should be done to rule out situs abnormalities. Four chamber view assess  
ventricular morphology. Morphologic right ventricle in ccTGA is left posterior and 
is connected to left atrium. Morphology of right ventricle such as moderator band, 
apical attachment of AV valve, irregularity of the endocardial surface and a more 
triangle shape. Morphologic left ventricle is in right anterior and is connected to 
right atrium where it is characterized by smooth surface and elongated appearance 
with an Apex formation. Out flow tract shows pulmonary artery arising from right 
sided morphologic left ventricle and aorta from left sided right ventricle in parallel 
course with aorta anterior and left of the pulmonary artery. Here the PA arising 
from right sided ventricle has a course towards left side and aorta arising from left 
sided ventricle also courses towards left where as in DTGA aorta is coursing towards 
right side. Poor long-term prognosis is noted in ccTGA in association with Ebstein 
malformation of tricuspid valve, degree of TR, systemic right ventricular dysfunc-
tion and complete heart block. Survival rates exceeded 80% in prenatally diagnosed 
ccTGA when pregnancy was continued [53, 54].

Right aortic arch, double aortic arch  and aberrant subclavian artery (ARSA):—
Ultrasound findings in right aortic arch are: four chamber view shows descend-
ing aorta and is more centrally located. The detection and classification can be 
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achieved in 3VT view where the aorta courses to right side of trachea. There are 
three subgroups: (1) right aortic arch with right ductus arteriosus (Rt V sign) here 
both the aorta and ductus arteriosus merges together on the right of trachea with a 
V configuration. There is mirror imaging branch pattern to normal left aortic arch 
noted. (2) Right aortic arch with left ductus arch (Usign): in this pattern, right-
sided aorta with DA on to the left of trachea. Trachea is in between the DA and aorta 
(Figure 10A and C) in most of the cases it is associated with aberrant left subcla-
vian artery. Arising from junction between ductus arteriosus and descending aorta 
called Kommerell diverticulum [55]. (3) Double aortic arch-aorta courses to right 
side of the trachea but bifurcates and one goes to left another one to right of trachea 
resembling Lambda configuration. Esophagus and trachea is entraped. Two vessels 
arise from each aortic arch.

Aberrant right subclavian artery (ARSA): in this, instead of three vessels, four 
vessels arises from left sided aortic arch from proximal to distal are right common 
carotid, left common carotid, left subclavian and ARSA. ARSA (Figure 10B) arises 
distally from aortic arch and courses towards left side of chest behind trachea and 
esophagus and to the right upper arm. This is also known as retrophayngeal right 
sub clavian artery or Lusorian artery. On 3VT ARSA is noted at the junction of 
aortic arch and ductus arteriosus with a course behind the trachea towards right 
shoulder. It may be isolated or commonly associated with conotruncal anomaly, 
22q11microdeletion and trisomy 21.

Heterotaxy and situs inversus:-normal development and positioning of thoracic 
and abdominal organs is situs solitus. Situs inversus is mirror image arrangement of 
thoracic and abdominal viscera. Different arrangement of thoracic and abdominal 
viscera other than situs solitus and situs inversus is situs ambiguous or Heterotaxy 
syndrome or isomerism is characterized by an abnormal symmetry of the viscera 
that are normally dissimilar, which has different arrangement than situs solitus 
or situs inversus. This is due to abnormal lateralization of thoracic and abdominal 
viscera and is frequently associated with complex cardiac anomalies. Isomerism 
may be of right or left. Left isomerism (Figure 11A) the Ultrasound finding that 
strongly suggested in the presence of a combination of at least two of the  following: 
(1) Viscerocardiac heterotaxy; (2) complete AVSD or other structural heart 
 disease; (3) interruption of IVC with azygos continuation; (4) early fetal heart  
block; Right isomerism (Figure 11B and C) should be suspected in the presence 
of a combination of at least two of the following: (1) Viscerocardiac Heterotaxy, 
(2) structural heart disease, namely complete AVSD; (3) juxtaposition of IVC 
and descending aorta. If both interrupted IVC and complete heart block are 
observed, we can almost be sure that there is LAI. Left isomerism: bilateral left 
sidedness with maldevelopment of right-side structures. Morphologic left charac-
teristics such as bilateral left bronchi, bilobed lungs, finger-like atrial appendages. 

Figure 10. 
(A) CCTGA with right aortic arch. (B) Right aortic arch with Usign. (C) ARSA coursing behind the trachea.
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Inferior vena caval (IVC) interruption with azygous continuation, in which the 
hepatic segment of the inferior cava is absent, and the distal segment continues 
with the azygos or hemiazygos vein. A parasagittal view of abdomen and chest can 
demonstrate the azygose vein posterior to descending aorta. Color Doppler study 
shows opposite direction of flow in aorta and azygose vein noted. Right isomerism: 
bilateral structures with morphologic right characteristics, such as bilateral right 
atria, broad triangular atrial appendages, bilateral eparterial bronchi, and trilobed 
lungs. Ultrasound findings in right isomerism are Dextroversion is more common 
than left isomerism. More common cardiac anomaly associated are unbalanced 
AVSD and most of the times univentricular atrioventricular connection. TGA and 
DORV associated with pulmonary stenosis or atresia are associated commonly 
with right isomerism. Supracardiac TAPVC associated with right isomerism in 
30%, infra diaphragmatic in 25% and cardiac in 30% and mixed in 15% observed. 
Visceral anomalies like malrotation and malfixation of the bowel, preduodenal 
 portal vein, gastric volvulus, esophageal hiatal hernia, and biliary atresia are 
 common in both left and right isomerism.

Situs inversus: in this, there will be mirror image arrangement of visceral organs 
in abdomen and thorax. Situs inversus associated cardiac anomalies are 0.3–5%in 
fetuses and newborn [56]. About 50% patients of Kartagener syndrome have situs 
inversus [57]. In situs inversus liver, IVC are on left side and spleen, stomach, heart 
and aorta are on right side.

Anomalies of systemic and pulmonary venous connections: they can occur as 
isolated or may be associated with simple cardiac anomalies like ASD and complex 
like Heterotaxy syndrome. Systemic venous malformation involves anomalies of 
IVC, SVC and coronary sinus. Persistent Left SVC (PLSVC) and interrupted IVC 
with azygos continuation are the most common systemic venous anomalies. The 
other rare venous malformation is abnormalities of ductus venosus, hepatic or 
umbilical veins.

PLSVC: it joins the coronary sinus on posterior left atrioventricular valve and 
drains to right atrium. On fetal echocardiography PLSVC (Figure 12A) appears as 
an extraneous vessel noted left to the ductal arch in three vessel trachea view. Very 
rarely PLSVC may be seen with absent right SVC (Figure 12B). Isolated PLSVC 
usually has no clinical significance. It is more commonly associated with other 
cardiac conditions (23% of PLSVC cases) They are Atrioventricular septal defect 
(AVSD), Double outlet right ventricle (DORV), Left out flow tract obstructive 
anomalies, Conotruncal anomalies and ventricular septal defect. The other Extra 
cardiac malformations including Heterotaxy syndrome (41–45%), Esophageal atre-
sia, diaphragmatic hernia, IVC malformations, complex malformation syndromes 

Figure 11. 
(A) Left isomerism: finger like narrow bilateral symmetric left atrial appendages. (B) Broad pyramidal 
shaped symmetrical right atrial appendages in right isomerism. (C) Juxtaposition of aorta and IVC. Both on 
left side.
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and chromosomal anomalies. Plane slightly inferior to four chamber view dilated 
coronary sinus can be noted. Normal diameter of coronary sinus is 1–3 mm; it 
courses perpendicular to inter atrial septum and opens into posterior wall of 
right atrium.

Interrupted IVC with azygos continuation: this is due to failure to form 
right subcardinal hepatic anastomosis results in absent hepatic segment of IVC 
(Figure 12E and F). The sonographic landmarks are dilated azygos vein alongside 
the Aorta in Abdominal circumference plane and four chamber view plane. In 
sagittal abdominal plane the descending Aorta and azygos vein run side by side with 
opposite direction of flow. Interrupted IVC has also been reported in isolated entity. 
In such cases it is clinically silent. It is more commonly associated about 80–90% 
with Left atrial isomerism.

Total Anomalous pulmonary connections (TAPVC) and partial anomalous con-
nections (PAPVC): four pulmonary veins (PV) superior and inferior on both sides 
drains into posterior wall of left atrium. TAPVC involves all the pulmonary vein 
drains into right atrium directly or indirectly. Depending upon the anatomic site 
of anomalous connection four types of TAPVC noted 1supracardiac which is most 
common type, 2 cardiac, 3infra cardiac and mixed type [33]. Diagnosis is difficult 
prenatally. In a large series involving 424 cases with TAPVC only 8 were diagnosed 
prenatally. Ultrasound findings in four chamber view shows disproportion of right 
and left cardiac sizes with enlarged right sided chambers due to venous return. Area 
behind the heart in four chamber view plane shows increased distance between 
descending aorta and posterior wall of left atrium. There is no connection between 
pulmonary veins and left atrium. Which drains into the confluent vein or vertical 
vein. The confluent vein courses upward towards upper thorax drains into brachio-
cephalic vein in turn drains into Right atrium though SVC (Figure 12C). Vertical 
vein coursing downwards across the diaphragm in infra cardiac type (Figure 12D) 
or directly connects to right atrium or coronary sinus in cardiac type. In supra 

Figure 12. 
(A) 3VTshowing 4vessels as in double SVC. (B) 3VT view showing 3 vessels in PLSVC with absent right SVC. 
(C) Supracardiac type of TAPVC. (D) Infra cardiac type of TAPVC with vertical vein coursing downwards. 
(E) Interrupted IVC-absent hepatic portion of IVC. (F) Azygos arch.
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Inferior vena caval (IVC) interruption with azygous continuation, in which the 
hepatic segment of the inferior cava is absent, and the distal segment continues 
with the azygos or hemiazygos vein. A parasagittal view of abdomen and chest can 
demonstrate the azygose vein posterior to descending aorta. Color Doppler study 
shows opposite direction of flow in aorta and azygose vein noted. Right isomerism: 
bilateral structures with morphologic right characteristics, such as bilateral right 
atria, broad triangular atrial appendages, bilateral eparterial bronchi, and trilobed 
lungs. Ultrasound findings in right isomerism are Dextroversion is more common 
than left isomerism. More common cardiac anomaly associated are unbalanced 
AVSD and most of the times univentricular atrioventricular connection. TGA and 
DORV associated with pulmonary stenosis or atresia are associated commonly 
with right isomerism. Supracardiac TAPVC associated with right isomerism in 
30%, infra diaphragmatic in 25% and cardiac in 30% and mixed in 15% observed. 
Visceral anomalies like malrotation and malfixation of the bowel, preduodenal 
 portal vein, gastric volvulus, esophageal hiatal hernia, and biliary atresia are 
 common in both left and right isomerism.

Situs inversus: in this, there will be mirror image arrangement of visceral organs 
in abdomen and thorax. Situs inversus associated cardiac anomalies are 0.3–5%in 
fetuses and newborn [56]. About 50% patients of Kartagener syndrome have situs 
inversus [57]. In situs inversus liver, IVC are on left side and spleen, stomach, heart 
and aorta are on right side.

Anomalies of systemic and pulmonary venous connections: they can occur as 
isolated or may be associated with simple cardiac anomalies like ASD and complex 
like Heterotaxy syndrome. Systemic venous malformation involves anomalies of 
IVC, SVC and coronary sinus. Persistent Left SVC (PLSVC) and interrupted IVC 
with azygos continuation are the most common systemic venous anomalies. The 
other rare venous malformation is abnormalities of ductus venosus, hepatic or 
umbilical veins.

PLSVC: it joins the coronary sinus on posterior left atrioventricular valve and 
drains to right atrium. On fetal echocardiography PLSVC (Figure 12A) appears as 
an extraneous vessel noted left to the ductal arch in three vessel trachea view. Very 
rarely PLSVC may be seen with absent right SVC (Figure 12B). Isolated PLSVC 
usually has no clinical significance. It is more commonly associated with other 
cardiac conditions (23% of PLSVC cases) They are Atrioventricular septal defect 
(AVSD), Double outlet right ventricle (DORV), Left out flow tract obstructive 
anomalies, Conotruncal anomalies and ventricular septal defect. The other Extra 
cardiac malformations including Heterotaxy syndrome (41–45%), Esophageal atre-
sia, diaphragmatic hernia, IVC malformations, complex malformation syndromes 

Figure 11. 
(A) Left isomerism: finger like narrow bilateral symmetric left atrial appendages. (B) Broad pyramidal 
shaped symmetrical right atrial appendages in right isomerism. (C) Juxtaposition of aorta and IVC. Both on 
left side.

111

Fetal Echocardiogram Normal and Abnormal
DOI: http://dx.doi.org/10.5772/intechopen.91867

and chromosomal anomalies. Plane slightly inferior to four chamber view dilated 
coronary sinus can be noted. Normal diameter of coronary sinus is 1–3 mm; it 
courses perpendicular to inter atrial septum and opens into posterior wall of 
right atrium.

Interrupted IVC with azygos continuation: this is due to failure to form 
right subcardinal hepatic anastomosis results in absent hepatic segment of IVC 
(Figure 12E and F). The sonographic landmarks are dilated azygos vein alongside 
the Aorta in Abdominal circumference plane and four chamber view plane. In 
sagittal abdominal plane the descending Aorta and azygos vein run side by side with 
opposite direction of flow. Interrupted IVC has also been reported in isolated entity. 
In such cases it is clinically silent. It is more commonly associated about 80–90% 
with Left atrial isomerism.

Total Anomalous pulmonary connections (TAPVC) and partial anomalous con-
nections (PAPVC): four pulmonary veins (PV) superior and inferior on both sides 
drains into posterior wall of left atrium. TAPVC involves all the pulmonary vein 
drains into right atrium directly or indirectly. Depending upon the anatomic site 
of anomalous connection four types of TAPVC noted 1supracardiac which is most 
common type, 2 cardiac, 3infra cardiac and mixed type [33]. Diagnosis is difficult 
prenatally. In a large series involving 424 cases with TAPVC only 8 were diagnosed 
prenatally. Ultrasound findings in four chamber view shows disproportion of right 
and left cardiac sizes with enlarged right sided chambers due to venous return. Area 
behind the heart in four chamber view plane shows increased distance between 
descending aorta and posterior wall of left atrium. There is no connection between 
pulmonary veins and left atrium. Which drains into the confluent vein or vertical 
vein. The confluent vein courses upward towards upper thorax drains into brachio-
cephalic vein in turn drains into Right atrium though SVC (Figure 12C). Vertical 
vein coursing downwards across the diaphragm in infra cardiac type (Figure 12D) 
or directly connects to right atrium or coronary sinus in cardiac type. In supra 

Figure 12. 
(A) 3VTshowing 4vessels as in double SVC. (B) 3VT view showing 3 vessels in PLSVC with absent right SVC. 
(C) Supracardiac type of TAPVC. (D) Infra cardiac type of TAPVC with vertical vein coursing downwards. 
(E) Interrupted IVC-absent hepatic portion of IVC. (F) Azygos arch.
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cardiac TAPVC at 3 vessel trachea view plane a fourth vessel i.e. vertical vein noted 
left of ductal arch. Blood flow in vertical vein in supra cardiac type flows superiorly 
towards upper thorax and there is dilated brachiocephalic vein noted. In cardiac 
type dilated coronary sinus in the absence of PLSVC should raise the suspicion of 
cardiac TAPVC. Infracardiac TAPVC the vertical vein formed behind the left ATRIA 
courses downwards along with esophagus through the diaphragm and drains into. 
portal veins. It is very difficult to see on routine gray scale ultrasound.in PAPVC dif-
ficult to detect and it is rarely reported prenatally. Scimitar syndrome: it is a combi-
nation of right lung hypoplasia, right pulmonary artery hypoplasia and PAPVC. In 
four chamber view, dextrocardia with right lung hypoplasia is noted. Right inferior 
pulmonary vein drains into IVC instead of left atrium.

Cardiomyopathies and fetal heart tumors: it is a disease of myocardium and is 
commonly associated with abnormal cardiac function. This can be manifested as 
dilated cardiomyopathy showing enlarged heart with dilated and decreased con-
tractility or hypertrophic cardiomyopathy (Figure 13A) showing enlarged heart in 
association with ventricular wall hypertrophy. There may be reduced lumen of the 
effected ventricle. Mostly associated with diabetes mellitus. Pericardiac effusion is 
seen in cardiomyopathy. Heart tumors: 80–90% are rhabdomyomas (Figure 13B) 
but can also be teratoma, fibroma, myxoma, hamartoma, rhabdomyosarcoma and 
others. In Rhabdomyoma demonstrated in ultrasound as Ovale or circular well-
defined echogenic mass. It may occur in the septum, wall or may be in the atrium 
and commonly associated with tuberous sclerosis.
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Chapter 7

Endocarditis and Cardiac Device 
Infections
Amparo Benedicto and Lourdes Domínguez

Abstract

The growing number of electronic intracardiac devices (pacemakers,  
resynchronizers and defibrillators) and non-electronic devices (percutaneous 
occluders) implanted, combined with certain common characteristics in the treated 
population (underlying heart disease, advanced age, kidney disease, multiple 
associated pathologies), have led to a change in the spectrum of presentation of 
endocarditis, with an increase in cases related to these devices. These infections 
pose diagnostic and therapeutic challenges due to the complexity of the patients, 
the microorganisms involved –who frequently generate the formation of biofilm- 
and the percutaneous or surgical techniques involved in the removal of material.  
All these circumstances require a multidisciplinary approach.

Keywords: endocarditis, cardiac implantable electronic device (CIED), infection, 
biofilm, prophylaxis

1. Introduction

Endocarditis is defined as the inflammation of the endothelium. The first case 
of endocarditis was described by Lazare Rivière in the seventeenth century. Since 
then, the clinical, etiological, epidemiological and therapeutic knowledge around it 
has expanded remarkably. Nevertheless, it is a complex disease in constant evolu-
tion that requires a multidisciplinary approach. Most endocarditis has an infectious 
cause of bacterial origin. Being a disease of the endocardium, it not only affects 
native structures -more frequently the valves or cardiac structures subjected to 
special hemodynamic conditions such as in congenital heart disease-, but also other 
endothelizable surfaces, such as valve prostheses, catheters, electrodes, or percuta-
neous devices.

In this chapter we will address endocarditis on Cardiac Implantable Electronic 
Devices (CIED).

2.  Endocarditis and cardiac implantable electronic devices (CIED) with 
leads

2.1 Epidemiology

Infective endocarditis is a serious disease, whose incidence, despite therapeutic 
advances, remains relatively stable (although data regarding countries with low 
health resources are scarce). In developed countries, its incidence is estimated 
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at 1 per 1000 hospital admissions and 1.5–9.6 cases per 100000 inhabitants [1, 2]. 
While in countries with limited resources it continues to be closely related to rheu-
matic valve disease, in developed countries it is fundamentally related to degenerative 
valve disease, valve prostheses and CIED. The use of implantable cardiac electronic 
devices (pacemakers [PM], implantable cardioverter-defibrillators [ICD], cardiac 
re-synchronized therapy [CRT]) has increased by 4.7% annually between 1993 and 
2009 with a growth of 96% in the entire period. The number of implanted pacemak-
ers increased by 55.6% (especially bicameral), while that of defibrillators did so by 
504% [3, 4]. Such increase is due to a number of factors: the aging of the population, 
the complexity of their pathologies, the new indications and the advance in implanta-
tion techniques. However, the growth of infections associated with these devices has 
raised disproportionately and is estimated at 210% between 1993 and 2008 [4, 5].

2.2 Classification of CIED infections

• Post-operative wound inflammation: occurs within 30 days of implanta-
tion, with wound inflammation or ‘stitch abscess’, in the absence of definite 
evidence of infection and not necessarily requiring antimicrobial therapy 
(possible skin reaction to dressings, sutures or antiseptics) [6].

• Uncomplicated generator infection: cellulitis confined to the generator site, 
including purulent discharge, abscess, fistula or device erosion in the absence 
of systemic involvement, and negative blood cultures.

• Complicated generator infection: generator infection plus involvement of any 
part of the lead or development of systemic involvement (signs or symptoms or 
positive blood cultures).

• Lead infection.

 ○ Definite:

a. Symptoms/signs of systemic infection, NO signs of generator pocket 
infection AND echocardiography consistent with vegetation(s) attached to 
lead(s) AND presence of major Duke microbiological criteria.

b. Symptoms/signs of systemic infection, NO signs of generator pocket 
infection AND culture, histology or molecular evidence of infection on 
explanted lead.

 ○ Possible.

a. Symptoms/signs of systemic infection AND echocardiography consistent 
with vegetation(s) attached to lead(s), BUT NO major Duke microbiologi-
cal criteria present.

b. Symptoms/signs of systemic infection AND major Duke microbiological 
criteria present, BUT NO echocardiographic evidence of lead vegetations.

c. Pulmonary emboli are considered supportive evidence of lead infection in 
the absence of definite evidence of infection.

• CIED -associated native or prosthetic valve endocarditis.
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Duke criteria for definite endocarditis satisfied, with echocardiographic evidence 
of valve involvement in a patient with an CIED in situ.

The last two forms are considered by the European Society of Cardiology (ESC) 
as endocarditis related to CIEDs, and we will now focus on them, not forgetting that 
they coexist with local infection of the generator pocket in up to 10–50% of cases 
(although in some recent series, the figure is closer to 10%, which suggests that 
causative microorganism reached PM leads by haematogenic way in a high propor-
tion of case) [7].

Different epidemiological studies, with follow-up ranging from 6 weeks to 
11 years, estimate the incidence of CDI-related infection at 2% [6, 8], although the 
figures are highly variable depending on the criteria used (0–6% and up to 19% if 
intra-abdominal devices are included) [9]. Between 10 and 23% of these infections 
meet the criteria for endocarditis [2, 7, 10].

A study in 7424 patients who underwent a pacemaker and/or ICD device 
implantation demonstrated an increasing incidence of IE in pacemakers [7]. It 
represented almost 10% with an increment from 1.25 to 9.32% of all IE between the 
period 1987–1993 compared to the period 2008–2013. Another prospective cohort 
study, using data from the International Collaboration on Endocarditis–Prospective 
Cohort Study (ICE-PCS), conducted from June 2000 through August 2006 in 61 
centers in 28 countries, found that cardiac device infective endocarditis accounted 
for 6.4% of all cases of definite infective endocarditis [11].

2.3 Risk factors

Several studies have identified the following risk factors for the development of 
infection on CIED [2, 7, 8, 11–13]:

Factors associated with the patient: Several of them coexist in up to 50% of 
patients [7].

• Age, probably a confounding factor due to the higher number of comorbidities.

• Male sex.

• Diabetes Mellitus.

• Renal insufficiency.

• Other comorbidities such as heart failure or (chronic obstructive pulmonary 
disease (COPD).

• Neoplasia.

• Use of corticosteroids.

• States of immunosuppression.

Factors associated with the procedure

• Non-first implant: Infection is more frequent in replacement or update 
procedures (1–4%) than in first implantation (0.5–0.8%) The risk of CIED 
infection is much greater after generator change or device revision. It has 
been suggested that this is related to bacterial contamination of the avascular 
pocket that is formed around the generator, which may impede penetration of 
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systemic antimicrobials and inflammatory cells during generator replacement. 
For this reason, some operators advocate the removal of the capsule in battery 
replacement.

• Shaving the skin with a blade (risk of disruption of the skin barrier).

• Poor preparation of the skin.

• Not using antibiotic prophylaxis.

• Fever in the previous 48 hours.

• Hematoma.

• Number of electrodes and complexity of the procedure.

• Duration of the procedure.

• Operator experience.

Factors related to other procedures and health care

• Previously carrying a transvenous transitory pacemaker.

• Invasive procedures related to health care (nosocomial and non-nosocomial) and 
or hospitalization, which may produce bacteremia leading to CIED infection, 
were identified in the previous 6 months in about 45–50% of the IE-ICED [7–11].

2.4 Physiopathology and etiology

According to estimates from the U.S Food and Drug Administration (FDA) and the 
European trade association representing the medical technology industries, (MedTech 
Europe), more than 500000 types of medical devices have currently entered the global 
market. Invasive medical devices, including indwelling and implantable devices, 
represent just a fraction of these [14, 15]. More than a million cardiovascular electronic 
devices are implanted worldwide each year [16]. Devices used in cardiovascular 
surgery and interventionism are inserted into the body tissues by breaching the skin 
or mucous membranes. No matter where the surgically invasive device is placed, it is 
a foreign body. Even a mild tissue response alters the local immune defenses, creating 
a “locus minoris resistentiae”, which is vulnerable to bacterial attack. Especially the 
devices in contact with the bloodstream, can potentially cause sepsis.

CIED infection, can have a local or a distant origin.

2.4.1 Local origin

Human skin is very resistant to infection. This resistance is due to physical 
(thickness, exfoliation), chemical (pH, secretions) and immunological (cellular 
and humoral) factors.

The resident flora is also an important factor. This flora is made up of bacteria 
that live attached to the skin and under normal circumstances, they do not cause 
infection and prevent the proliferation of other strains as well. When the skin 
barrier is broken, the entry of microorganisms from the adjacent skin is facilitated. 
Most infections from these devices are caused by coagulase negative staphylococci 
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(CoNS), which are the most common microorganisms in the normal flora of 
the upper part of the skin of the thorax (especially Staphylococcus epidermidis). 
Staphylococcus aureus is not part of this resident flora, but it can become a persistent 
colonizer of the nasal mucosa, pharynx, and skin, especially in kidney patients, 
diabetics, some skin diseases, and hospital workers.

Phases of infection

• Colonization of the CIED pocket by microorganisms from the surgical 
equipment (air or personnel) or more frequently from the patient’s own skin. 
Disinfection reduces the number of bacterial colonies, but in the presence of a 
foreign body, the inoculum to produce an infection is lower. The susceptibility 
of surgically invasive devices to bacterial colonization is due to reduced effec-
tiveness of human immune defenses at the implant–tissue interface [12]. The 
longer the procedure, the higher the rate of colonization of the surgical sites.

However, colonization is not synonymous with infection, since it must occur:
Adhesion and BIOFILM formation (Figure 1) [13, 14].
Biofilm formation occurs in five steps:

• Initial reversible anchoring of bacteria in “planktonic” or “free” form to surfaces 
by unspecific forces.

• Irreversible anchorage: Once anchored, a bacterial monolayer will begin to form 
and an extracellular protective matrix composed of extracellular polysaccha-
rides, extracellular proteins, cellular debris and nucleic acids will begin to be 
produced. Both, along with the collagen and fibrinogen deposited in damaged 
tissues and on biomaterials, favors the anchorage of bacteria with specific 
receptors. The formation of hematomas facilitates this process.

• Maturation: the development of a biofilm favors the growth of the colonies, 
with a complex three-dimensional framework and a great resistance to anti-
biotics. Sometimes different bacterial species can coexist in the same biofilm. 
There are complex genetic interactions between the bacteria in these biolayers 
known as “quorum sensing”.

Figure 1. 
BIOFILM formation.
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devices in contact with the bloodstream, can potentially cause sepsis.
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and humoral) factors.

The resident flora is also an important factor. This flora is made up of bacteria 
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infection and prevent the proliferation of other strains as well. When the skin 
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(CoNS), which are the most common microorganisms in the normal flora of 
the upper part of the skin of the thorax (especially Staphylococcus epidermidis). 
Staphylococcus aureus is not part of this resident flora, but it can become a persistent 
colonizer of the nasal mucosa, pharynx, and skin, especially in kidney patients, 
diabetics, some skin diseases, and hospital workers.

Phases of infection

• Colonization of the CIED pocket by microorganisms from the surgical 
equipment (air or personnel) or more frequently from the patient’s own skin. 
Disinfection reduces the number of bacterial colonies, but in the presence of a 
foreign body, the inoculum to produce an infection is lower. The susceptibility 
of surgically invasive devices to bacterial colonization is due to reduced effec-
tiveness of human immune defenses at the implant–tissue interface [12]. The 
longer the procedure, the higher the rate of colonization of the surgical sites.

However, colonization is not synonymous with infection, since it must occur:
Adhesion and BIOFILM formation (Figure 1) [13, 14].
Biofilm formation occurs in five steps:

• Initial reversible anchoring of bacteria in “planktonic” or “free” form to surfaces 
by unspecific forces.

• Irreversible anchorage: Once anchored, a bacterial monolayer will begin to form 
and an extracellular protective matrix composed of extracellular polysaccha-
rides, extracellular proteins, cellular debris and nucleic acids will begin to be 
produced. Both, along with the collagen and fibrinogen deposited in damaged 
tissues and on biomaterials, favors the anchorage of bacteria with specific 
receptors. The formation of hematomas facilitates this process.

• Maturation: the development of a biofilm favors the growth of the colonies, 
with a complex three-dimensional framework and a great resistance to anti-
biotics. Sometimes different bacterial species can coexist in the same biofilm. 
There are complex genetic interactions between the bacteria in these biolayers 
known as “quorum sensing”.

Figure 1. 
BIOFILM formation.
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• Dispersion. In the last step, some cells of the mature biofilm begin to dissociate 
and disperse again through the environment as planktonic cells to start a new 
cycle and thus the infection is dispersed.

2.4.2 Remote origin

During the early post-implant period, damage to the vascular wall and the 
formation of hematomas can favor the settlement of germs from the bloodstream in 
the implant area; thus, it is very important to avoid the development of bacteremia 
by removing unnecessary intravascular and urinary catheters.

The infection can spread to the endovascular structures, during the healing and 
resorption phases of hematomas, from the pacemaker pocket.

Conversely, and generally later, endovascular elements (electrodes) can present 
fibrin and platelet deposits on erosions produced by friction, deterioration or 
turbulent flows, on which bacterial colonies can settle and proliferate in a process 
similar to that of endocarditis, which can also spread to the adjacent endocardium.

Concomitant valve involvement is estimated in about 37.2% of cases, most fre-
quently tricuspid valve [11], aortic or mitral valve vegetations are present in 10–15% 
of patients with CIED endocarditis and valve involvement in CIED infection is 
associated with higher in-hospital mortality.

As previously mentioned, between 40 and 50% of patients with CIED have a 
history of admission, manipulation or invasive procedure in the previous 6 months, 
potentially responsible for bacteremia. The risk is especially high when the bactere-
mia is due to Staphylococcus aureus (35–45%) [6].

In any case, given that many “presumed local” infections can progress to 
the intravascular components of the device and vice versa, the barrier between 
local and endovascular infection can be difficult to establish. Once the generator 
or proximal leads have eroded through the skin, a device should be considered 
infected, whatever the mechanism that caused the erosion.

2.5 Microbiology

Gram-positive bacteria are responsible for the vast majority of CIED infections 
(68–93%). Staphylococci, account for 60–80% of cases. Depending on the series, 
there is a predominance of infections caused by S Aureus or coagulase-negative 
staphylococcus (CoNS), although with few differences in their prevalence. Among 
the CoNS, Staphylococcus epidermidis and Staphylococcus Saprophyticus stand out. 
Methicillin resistance (MR) among Staphylococci varies among studies A high rate 
of MR in CoNS is associated with a healthcare environment source, reaching 50% in 
some series. For S aureus the rates of MR range between 2.6% (Germany) and 55% 
(USA). Gram-negative bacteria (GNB) are also identified in a percentage close to 
15%. The higher proportion of GNB may be due to the large rate of different comor-
bidities, which is associated to more frequent invasive diagnosis or treatment mea-
sures. Polymicrobial infection sometimes involves more than one species of CoNS, 
(2–24% according to series). In a percentage between 8 and 15%, it was not possible 
to cultivate the responsible germ. Cases related to fungi are anecdotal [5, 6, 17–19].

2.6 Diagnosis

The diagnosis of IE-CEID, as in valve prostheses, is inconclusive in up to 30% of 
cases, according to the Duke criteria [20]. For this reason, in the guidelines pub-
lished by the European Society of Cardiology in 2015, three additional criteria were 
proposed to increase sensitivity in diagnosis [19].
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In any case, the IE-CEID diagnosis is based on three points [19, 21].

2.6.1 Clinical presentation

The clinical manifestations of IE-CIED can be variable, since it can combine signs 
and symptoms of local infection, with symptoms and signs of systemic infection.

When there is involvement of the pacemaker pocket, diagnosis can be easier 
since there will be typical signs of inflammation, such as pain, redness and increased 
temperature in the implantation area. In addition, there may be an increase in size, 
either due to the presence of hematoma related to the implant (which should alert to 
an increased risk of infection) or fluctuation due to the formation of pus, adhesion 
of the skin as well as spontaneous and sometimes intermittent pus drainage due to 
dehiscence of the suture or fistulization of the skin (Figure 2).

Any exteriorized device should be considered infected (although initial exteri-
orization was related to aseptic necrosis of the skin due to tension of the device in a 
small pocket).

Once the pocket is infected, the electrodes are frequently affected in its subcuta-
neous and extravascular portion, and affect the intravascular portion as well. When 
there is involvement of the intravascular components, that is, endocarditis of the 
leads and vascular part of the system, signs and symptoms of systemic infection 
will appear, with fever, chills, asthenia and anorexia. These data can appear larvae 
and in the absence of associated involvement of the pacemaker pocket, they can be 
more difficult to interpret. In a low percentage of patients, signs and symptom of 
frank sepsis will appear. In case of associated valvular involvement, data of valvular 
dysfunction and heart failure may also appear.

Clinical manifestations related to septic lung embolism may also appear from 
vegetations of the PM leads or tricuspid valve.

Among laboratory results data, the acute phase reactants (C-reactive protein, 
increased sedimentation rate, leukocytosis and procalcitonin) increase. Although 
these alterations point us towards a systemic infection, acute phase reactants can 
also appear in local infections.

Regarding the chronology of infections, several aspects must be taken into account:

• In the first 30 days, skin or exudate or superficial erythema may appear in 
relation to infection of the suture or allergic reaction,

• Depending on the responsible germ, the temporary clinical course may 
vary. In the case of S Aureus infections, parturition is usually earlier and 

Figure 2. 
Exteriorized device.
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(USA). Gram-negative bacteria (GNB) are also identified in a percentage close to 
15%. The higher proportion of GNB may be due to the large rate of different comor-
bidities, which is associated to more frequent invasive diagnosis or treatment mea-
sures. Polymicrobial infection sometimes involves more than one species of CoNS, 
(2–24% according to series). In a percentage between 8 and 15%, it was not possible 
to cultivate the responsible germ. Cases related to fungi are anecdotal [5, 6, 17–19].

2.6 Diagnosis
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the progression to systemic disease faster than in the case of germs such as 
S Epidermidis or Propionibacterium acnes, in which it can be latent and even 
reactivate late with delayed handling.

2.6.2 Microbiological evidence

We have already discussed the main agents involved, now we will address how 
and when microbiological samples should be collected and processed. Appropriate 
microbiological samples include: culture of blood, lead fragments (ideally distal 
and proximal), lead vegetation (proximal and distal tips), generator pocket tissue 
and pus from a generator pocket wound.

Blood sample extraction [6, 21].

• Should be collected as soon as possible, and whenever possible before starting 
antibiotic treatment.

• Collection of multiple samples increases diagnostic sensitivity: three sets of 
aseptically collected, optimally filled blood cultures should be taken from 
peripheral sites with ≥6 h between them, especially in patients with non-acute 
presentation.

• To avoid an undesirable delay in patients with suspected IE-CIED and severe 
sepsis or septic shock at the time of presentation, two sets of optimally filled 
blood cultures should ideally be taken at different times within 1 h and prior to 
the start of empirical antimicrobial therapy.

• Follow -up blood cultures should be obtained 48 to 72 h after antimicrobial 
therapy is begun, and every 48–72 hours until clearance of bacteremia is 
documented.

• Blood cultures should be taken 48–72 h after removal of an infected  
CIED.

Regarding blood culture, the following considerations must be taken into 
account:

• In a variable percentage, around 10%, it will not be possible to grow any 
microorganism.

• The interpretation of a single positive culture for an organism, common 
contaminant of the skin flora, should not be interpreted systematically as 
bacteremia and should be evaluated within the overall clinical context.

• In case of bacteremia originated at a clear distant infectious focus (abdominal, 
urinary, respiratory) and due to germs that do not frequently cause endocardi-
tis on devices (enterobacteria, pneumococci), affectation of the device should 
not be assumed unless proven otherwise.

• All cultured samples must be processed in different culture media and in 
specific media for slow-growing organisms.

• When interpreting the results of the cultured electrodes, it should be consid-
ered their potential contamination when extracted through the explant area.
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• To the contrary, in the presence of remote bacteremia by S Aureus, the risk of 
device infection is very high (35–45%).

2.6.3 Imaging

Different imaging techniques are used for the diagnosis of IE – CIED and, 
therefore, we will speak of Multimodal imaging when referring to them [21, 22].

First line technique, due to its availability and safety, is echocardiography. 
Initially, an echocardiogram should be performed in all patients with CIED infection, 
either local or systemic. Transthoracic echocardiogram (TTE) will allow us to glob-
ally assess all the structures of the heart as well as their function (Figure 3). Despite 
the advantage of the proximity of the right cavities to the thoracic wall, the presence 
of metallic electrodes generates artifacts that make it difficult to assess associated 
vegetations. Occasionally, images compatible with vegetations can be identified, 
associated with the electrodes, the valves or the endocardium; although their absence 
does not exclude the diagnosis, since sensitivity is low.

Regardless of the result of the TTE, a Transesophageal echocardiography (TOE) 
should be performed in all patients with CIED infection suspected of systemic 
involvement, and probably in carriers of intracardiac devices in the presence of S 
Aureus bacteremia (Figure 4). Even though the sensitivity is higher than in ETT, 
it is still less than 100% in the case of devices. The reasons for the low sensitivity 
include: the small part visualized of the cava, the difficulty to assess electrodes in 
the coronary sinus, or the lesser proximity to the transducer. Three-dimensional 
(3D) echo, if available, can provide information about vegetation’s morphology and 
size (Figure 5). On the other hand, there are images that are difficult to interpret as 
they may correspond to fibrin strands or small thrombi adhering to the surface of 
the leads, more frequent in the right cavities due to a slower flow.

In some centers, intracardiac echo (ICE) is also used for the diagnosis of vegeta-
tions based on electrodes, with greater sensitivity for the detection of vegetations in 
the case of high suspicion without diagnostic images. As drawbacks, it is an invasive 
and expensive technique [23].

In the case of uncertain diagnosis and high suspicion of endocarditis in the 
absence of diagnostic criteria or doubts about the extent of a local infection, 

Figure 3. 
Lead vegetation TTE.
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Nuclear Medicine or hybrid technique can be used, based on the detection of 
metabolic or inflammatory activity.

Positron Emission Tomography-CT (PET-CT) is generally performed using 
a single acquisition (generally at 1 h) after administration of 18F-FDG, which is 
actively incorporated in vivo by activated leucocytes, monocytes, macrophages 
and CD4+ T-lymphocytes accumulating at the sites of infection. Its limitations 
are the low resolution for foci smaller than 5 mm, its price, the high radiation and 
the early post-implant or post-surgery period, since the isotope uptake can occur 
in any inflamed tissue or with metabolic activity, including thrombi and tumors. 
Sensibility of this test it is estimated around 87% and its specificity around 94% 
(Figures 6 and 7).

Scintigraphy (SPECT) with labeled leukocytes can be combined with CT. 
Compared to PET-CT, it has the disadvantages of a lower availability, a longer 
duration -since it requires 2 separate acquisitions (2 and 24 hours)- and the use 
of blood products. On the other hand, it is cheaper, has greater utility in the post-
implantation/postoperative period, exposes less radiation and a greater specificity 
is reported, close to 100% (except for non-pyogenic agents such as Candida or 
Coxiella, rarely implicated in CIED infection) [24, 25].

Figure 4. 
Lead vegetation TOE.

Figure 5. 
Lead vegetation 3D echo.
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Beyond imaging techniques focused on evaluating of vegetations and inflamma-
tory activity, a chest radiograph in 2 projections or even a CT should be performed 
to assess the type of device (sometimes unknown), the presence of breakage, 
torsion or dislocation of the electrodes or the generator displacement, and to assess 

Figure 6. 
PET-TAC-.

Figure 7. 
PET-TAC+.
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the pulmonary parenchyma as there may be images suggestive of septic embolism 
or infectious pulmonary involvement (Figure 8).

2.7 Prevention and prophylaxis

Before addressing the treatment of IE-CIED we will discuss how to prevent 
infectious complications.

2.7.1 General measures

Any implant procedure must be performed following the usual aseptic surgical 
standards. Additionally, it is recommended to adhere to the following guidelines:

• Carry out the procedure in an appropriate place, with adequate ventilation. 
The air requirements specified for cardiac catheterization laboratories (15 air 
changes/hour) are less than the 25 air changes/hour recommended for the 
operating room [6].

• Do not shave the skin with blades. When trimming hair, shave with a single-use 
electric head or with depilatory cream, before the procedure and outside the 
implant room [6, 30].

• Prepare the skin with an alcoholic solution of chlorhexidine (minimum 2%)  
or as an alternative for allergic individuals, use povidone iodine in alcohol  
[6, 18, 27–29].

• Avoid unnecessarily long procedures, best if performed by a first operator or 
an experienced supervisor [6, 11, 26, 30].

• Carry out a correct hemostasis to avoid the formation of hematoma. In 
the case of anticoagulated patients in whom anticoagulation should not 
be interrupted, do not use bridging therapy with heparin and look for an 
INR close to 2. Individualize treatment in the rest of antiplatelet or antico-
agulated patients. Local thrombin solutions can be considered to facilitate 
hemostasis [18, 26].

• Do not perform procedures in patients with suspected active infection or fever 
in the past 48 hours [6, 11, 18].

Figure 8. 
Pulmonary infectious involvement in IE-CIED. TC.
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• Consider the subpectoral implantation in malnourished or very thin  
patients [18, 26, 30].

2.7.2 Antibiotic prophylaxis

Antimicrobial prophylaxis should be administered on time to ensure, at the 
time of incision and throughout the procedure, that the tissue and plasma con-
centrations exceed the MIC for the microorganisms commonly associated with 
infection. This would normally be within 1 h for intravenous drugs given as a 
bolus or short infusion, but for some longer infusions that are given over 30 min-
utes or more, they may need to be started earlier to ensure that the infusion is 
completed at least 20 minutes before incision (e.g. vancomycin and fluoroquino-
lones) [6, 18, 19, 26–30].

Currently, the use of a dose of cefazolin (2 gr) or another first-generation cepha-
losporin or flucloxacillin (1–2 g) is recommended, one hour prior to the procedure. 
In patients allergic to Beta lactams or when the local incidence of MR Staphylococci 
is very high, vancomycin is recommended (vancomycin requires a mg/kg iv slower 
rate of infusion to prevent systemic vasodilatation and erythema within 2 hours 
before incision) or teicoplanin as an alternative regimen. If a glycopeptide is to 
be used, teicoplanin has some practical advantages over vancomycin in terms of 
administration as it can be given as a bolus (400 mg iv 5 minutes) rather than a 
long infusion. Teicoplanin resistance is more frequent than vancomycin resistance 
among Staphylococci (including CoNS), but both are uncommon. In case of allergy 
to both, assess linezolid/daptomycin.

In very prolonged procedures or in case of heavy bleeding, a second dose of 
intraprocedural antibiotic can be considered [12].

For elective procedures, S. aureus colonization can be detected by nasal swabs. 
Nasal treatment with mupirocin and chlorhexidine skin washing can reduce coloni-
zation and has been shown in some surgical studies to reduce the risk of infection, 
but there are no studies relating specifically to CIED interventions [6, 18, 30].

Antibiotic doses after wound closure are not recommended [6, 30]. The use of 
local antibiotic delivery is not recommended [6, 21, 30] as well.

Antimicrobial ‘envelopes’ have been developed to deliver antimicrobial agents 
locally into the generator pocket at the time of implantation or generator replace-
ment. A product that delivers rifampicin and minocycline locally was tested in a 
randomized, controlled clinical trial WRAP-IT to assess its safety and efficacy in a 
population of patients who were at increased risk for CIED pocket infection. The 
envelope was significantly more effective at preventing infection than standard 
protocols. There is no formal recommendation for the use of these covers but it 
could be considered in high-risk patients [29, 30].

Antimicrobial prophylaxis is not recommended for dental or other invasive 
procedures not directly related to device manipulation to prevent CIED infection, 
except in case of infected tissue manipulation [26].

2.8 IE-CIED treatment

Treatment is based on two pillars: the removal of the device and antimicrobial 
therapy.

2.8.1 The removal of the device

Complete removal of the device, electrodes, or abandoned remains, is indicated 
in patients with any CIED infection, with the exception of superficial infections 
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the pulmonary parenchyma as there may be images suggestive of septic embolism 
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Figure 8. 
Pulmonary infectious involvement in IE-CIED. TC.
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related to the incision and provided that they do not occur with exteriorization of 
the device or erosion of the skin [24, 30–32].

Explantation is indicated in case of:

• local pocket infections without data of systemic involvement (negative blood 
cultures).

• infections of the pocket with systemic involvement, without vegetations on the 
electrodes or valves.

• infections of the pocket with systemic involvement, with evidence of vegeta-
tions in electrodes and/or valves and/or embolisms.

The device should also be removed in CIED carriers in case of [21, 30]:

• bacteremia or fungaemia caused by S Aureus, CoNS, Cutibacterium spp. and 
Candida spp.

• bacteremia with Alpha- or Beta-Hemolytic Streptococcus spp. and 
Enterococcus spp. as first-line treatment or as a second step in case of recur-
rent/continued bacteremia despite appropriate antibiotic therapy.

• bacteremia with non-Pseudomonal/Serratia Gram-negative bacteria or 
Pneumococci in case of recurrent/continued bacteremia, in spite of appropri-
ate antibiotic therapy when no other identifiable source for recurrence or 
continued infection is found.

• patients with infective valve endocarditis without definite involvement of the 
CIED system.

The device must be completely removed as early as possible. Percutaneous 
removal is indicated as first choice when possible. Surgical approach is indicated 
when there is an indication for surgery associated with endocarditis in another 
location or after incomplete percutaneous removal. For large vegetations, greater 
than 20 mm, surgery may be considered the first option from the outset, due to 
a hypothetical higher risk of pulmonary embolism, although this cut-off point is 
arbitrary. The aspiration of large vegetations is reported before the percutaneous 
extraction of the electrodes. Removal of the system percutaneously is usually 
relatively simple when it is performed early after implantation, since there is 
less fibrosis around the device elements and implies more difficulty and risk of 
complications the longer the period after implantation and the complexity of 
the device.

The extraction should be done in expert centers by interventional cardiologists, 
electrophysiologists or cardiac surgeons. The percentage of complete removal of the 
device is high>90% with the techniques and materials currently available (specific 
stylets, mechanical dissection sheaths, with radiofrequency or laser, ties, etc.) 
(Figure 9). Implant removal requires centers with availability of urgent cardiac 
surgery, given that, although the percentage of complications is low, they can be 
serious and lead to vital compromise. The risk of serious complications is 2–4%, the 
most severe being cardiac avulsion or tear (CA / T) with tamponade and vascular 
avulsion or tear (VA/T). In the case of surgical extraction, (Figure 10) the percent-
age of complications observed is higher and it seems related to a greater severity of 
the patients [30–32].
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In 3–15% of patients with an indication of removal of the device, this will not be 
carried out for various reasons, especially a very high surgical risk or the patient’s 
own refusal [6, 10].

2.8.2 The antimicrobial therapy

Intravenous (iv) antimicrobial therapy should be guided whenever possible by 
microbiological documentation and antibiogram; this is the reason why the correct 
collection and sample processing is so important.

The empirical antibiotic regimens recommended by a consensus of various 
scientific societies, European Heart Rhythm Association (EHRA), Heart Rhythm 
Society (HRS), Asia Pacific Heart Rhythm Society (APHRS), Latin American Heart 
Rhythm Society (LAHRS), International Society for Cardiovascular Infectious 

Figure 10. 
Lead with big vegetation, surgical removal.

Figure 9. 
Materials for percutaneous.
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Diseases (ISCVID), European Society of Clinical Microbiology and Infectious 
Diseases (ESCMID), European Association for Cardio-Thoracic Surgery (EACTS)] 
[30] are listed in Table 1. The duration of the treatment will continue once the 
device is removed as follows:

• Isolated pocket infection (negative blood culture): 10–14 days.

• Systemic infection without vegetation on leads or valves +/− pocket 
infection:
4 weeks (2 weeks if negative blood culture after extraction with total treatment 
duration not shorter than 4 weeks).

• Systemic infection: IE-CIED with vegetation on leads and/or valves + embo-
lism: 4–6 weeks + oral antibiotic therapy follow-up if indicated by secondary 
infectious focus.

Long-term suppressive therapy with iv antibiotic, according to the recommen-
dations in prosthetic valve endocarditis for 4–6 weeks, is reasonable for patients 
in whom the device cannot be totally or partially removed, due to the high rates of 
failure, relapse or reinfection [33].

2.9 New device implant

After the removal of a CIED, the indication for a new implant must be reconsid-
ered. This must be done critically and individually [19, 26, 30].

It is estimated that, in about 30% of patients, implantation of a new device is 
not indicated. The reason may be that there is no longer any indication, that the 
explanted device was not correctly indicated, or that the patient himself rejects 
a new implant. In the case of a new reimplantation, it will be necessary to assess 
whether a similar device is indicated, or whether it should be different, generally of 
less complexity or “downgrade” [31, 34].

If the indication for a new implant is confirmed, it should be deferred until 
the infection is controlled, if possible after obtaining negative blood cultures for 
at least 72 hours after the explant. In patients dependent on cardiac stimulation, 
who require temporary stimulation, an electrode ipsilateral to the explant will be 
used, through a venous access different from that used by the previous one. To 
prevent manipulations due to instability of the electrode, with a greater risk of 
contamination, the use of an active fixation electrode connected to an external 
battery and fixed to the skin is recommended, until it is safe to implant the defini-
tive device [6, 34].

If a device with electrodes (RTC, bicameral pacing) is indicated, it should be 
implanted initially on the contralateral side. If not, implantation of an epicar-
dial pacemaker or a MicraTM Transcatheter Pacing System (TPS; Medtronic, 
Minneapolis, MN, USA) femoral leadless pacemaker may be considered. The lead-
free pacemaker avoids the possibility of a primary infection of the generator pocket 
and thanks to its smaller overall surface area and the progressive encapsulation once 
implanted (Figure 11), it would theoretically present less risk of secondary infec-
tion in the presence of systemic infection [35].

In the case of patients with an indication for defibrillator reimplantation, 
without the need for permanent pacing, resynchronization or anti-tachycardia 
therapy, the implantation of a subcutaneous defibrillator should be considered 
(the infection rate requiring removal of the device is 2.4% after 3 years of follow 
up) (Figure 12) [36].
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Isolated pocket infection 10–14 days post-extraction

-Systemic symptoms

Empirical treatment/ - blood cultures -Vancomycin: 30–60 mg/kg/d iv in 2–3 doses

Directed at MR * CoNS and S Aureus -Alternative: Daptomycin 8–10 mg/kg iv od

+ Systemic symptoms +/−

(Empirical treatment/ - blood cultures) -Cephalosporin: standard dose

For additional Gram- coverage -Alternative: Gentamicin** 5–7 mg/kg iv od

After culture result Flucloxacillin: 8 g/d iv in 4 doses

If sensitive Staphylococcus Alternative: 1st generation cephalosporin 
standard dose

Partial oral treatment often used

Systemic infections without vegetation on leads or 
valves +/-pocket infection

4 weeks post-extraction_(consider 2w if 
-blood_cultures)

Empirical treatment/ - blood cultures Vancomycin: 30–60 mg/kg/d iv in 2–3 doses

Directed at MR Staphylococci and Gram- bacteria Alternative: Daptomycin 8–10 mg/kg od

+

Cephalosporin: standard dose iv

Alternative: Gentamicin 5–7 mg/kg iv o d

After culture result Flucloxacillin: 8 g/d iv in 4 doses

If sensitive Staphylococcus Alternative: 1st generation cephalosporin 
standard dose

Systemic infections with vegetation on leads or valves 
+/-pocket infection

Lead vegetation: 2 weeks post-extraction 
(total 4w except S Aureus)

Native valve vegetation: 4 weeks 
post-extraction

Prosthetic valve vegetation: (4-) 6 weeks 
post-extraction

Empirical treatment/ - blood cultures Vancomycin:30–60 mg/kg/d iv in 2–3 doses

Alternative: Daptomycin 8–10 mg/kg od

+

Cephalosporin: standard dose

Alternative: Gentamicin 5–7 mg/kg iv od

Adjust to culture result according to ESC endocarditis 
guidelines 2015

If prosthetic valve and staphylococcal infection: Add Rifampicin after 5–7 days: 900–1200  
mg/day orally (or iv) in 2 doses

*adapt to local resistance
**adjust according to kidney function od: once day

Table 1.
IE-CIED Empirical antibiotic regimens recommended.
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2.10 Prognosis

CIED infection is a serious pathology with a 30-day hospital mortality esti-
mated between 4.6–11% (despite the heterogeneity of the studies) [37]. Studies 
that included only patients with CIED -IE reported high mortality: 24.5–29% with 
follow-up periods of up to a year and explant rates of 80–100% [6]. It is associated 
with systemic infection and sepsis, complications derived from extraction and 
reimplantation and the own comorbidities of the patients. Long-term mortality is 
between 1.5 and 2.4 times higher than in CIED carriers without infectious complica-
tions. Mortality is high during the first year following CIED infection, but many 
deaths are not infection related. Abnormal renal function is the most consistently 
identified risk factor for mortality. Failure to remove an infected device is associated 
with relapse and mortality. CIED-IE has a higher mortality than localized generator 
pocket infection.

For all these reasons, infections in patients with CIED and especially those 
with suspected or confirmed systemic involvement should be considered a 
medical emergency, that must receive a multidisciplinary approach by a team 

Figure 12. 
Subcutaneous defibrillator.

Figure 11. 
MICRA.
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made up of specialists in infectious diseases and microbiology, interventional 
cardiologists, electrophysiologists, clinicians and experts in multimodal imaging, 
surgeons and experts in other imaging techniques such as radiologists and nuclear 
medicine [38].

3. Conclusions

Infective endocarditis is a prevalent pathology in developed countries. Its 
spectrum is changing and its association with intracardiac devices has increased 
disproportionately in recent decades. Affected patients are especially vulnerable 
to complications due to both their cardiac and extra-cardiac pathologies and their 
frequent contact with health-related procedures. Most of these infections are caused 
by S Aureus and CoNS, many times carriers of antibiotic resistance and must be 
treated early and aggressively by multidisciplinary teams. We must be careful in the 
indication and choice of devices and exquisite in the prevention of infections since 
once established, therapeutic failure entails high morbidity and mortality.
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Abstract

The current treatment paradigm for right sided infective endocarditis is rapidly 
evolving. The existing recommendations for right sided infective endocarditis 
include medical therapy with surgical therapy used in certain situations. Surgical 
therapy is based on the size of the vegetation, presence of infective complications 
and certain causative organisms as well the retention of intracardiac devices. 
Unfortunately, medical therapy alone is usually not enough to clear the infection, 
especially when intravenous drug use is associated as the etiology. Intravenous drug 
use is associated with a high rate of recidivism in tricuspid valve endocarditis. Even 
with indications for surgery, these patients present an ethical dilemma as most 
of these patients will re-infect their valves post-surgery. This often provides little 
option than for the surgeon to re-operate in a setting with a higher risk of mortality 
and morbidity. We present an evolving technique of percutaneous extirpation of 
vegetation, allowing for rapid clearance of endocarditis, less chance of failure of 
medical therapy with a lower risk profile for complication.

Keywords: tricuspid endocarditis, percutaneous treatment, cardiac implantable 
device endocarditis, CIDE, extirpation

1. Introduction

Endocarditis is defined as inflammation of the inner layer of the endocardium, 
usually involving the heart valves and or chambers of the heart, the valves being 
more commonly affected than the heart chambers [1]. Endocarditis is further 
categorized into non-bacterial thrombotic endocarditis (NBTE) or noninfectious 
endocarditis, and infectious endocarditis (IE) [2]. NBTE is rare and associated with 
malignancy and chronic inflammatory states such as systemic lupus erythematosus, 
rheumatoid arthritis, ANCA-vasculitis, burns, and sepsis [2, 3]. Conversely, IE 
is more common, with annual incidence of 3–10 cases per 100,000 people [4, 5]. 
It occurs due to bacterial and less commonly due to fungal infections [1, 4, 5]. 
Staphylococcus aureus is now the leading cause of IE, accounting for about 26.6% 
of all cases [4]. Staphylococci, streptococci (including the viridans group) and 
enterococci comprise about 80–90% of all cases of IE [4, 5]. The other 10–20% of 
cases are due culture negative endocarditis and fastidious organisms such bartonella 
species, brucella species, Coxiella burnetii, haemophilus species, Aggregatibacter 
actinomycetenomitans, Cardiobacterium hominis, Eikenella corrodens, Kingella kingae 
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and Tropheryma whipplei [5]. Endocarditis is characterized by lesions, known as 
vegetations. These vegetations follow endocardial injury where platelets and fibrin 
form a nidus which becomes secondarily infected by microorganisms circulating in 
the blood. (1) Endocarditis can involve both the right and left side of the heart and 
often can have differing causative organisms and etiologies. Left sided endocarditis 
can involve the aortic valve, mitral valve and in severe cases can involve the aorto-
mitral curtain causing damage to the electrical structures of the heart. Right sided 
endocarditis typically involves the valvular structures on the right side of the heart 
most commonly the tricuspid valve and less often the pulmonary valve. In addition, 
the right sided endocarditis may also involve foreign bodies that are typically found 
transversing the right atrium such as pacemaker leads, central lines.

2. Right sided infective endocarditis

Right sided Infective Endocarditis (RSIE) accounts for about 10% of all IE cases 
[6]. Typically, these patients are younger with fewer medical comorbidities and 
less underlying valve disease as compared to patients with left-sided IE [6]. RSIE 
involves both tricuspid valve endocarditis (TVE) and cardiac implantable device 
endocarditis (CIDE). RSIE is most frequently seen with intravenous drug use 
(IVDU). Other predisposing risk factors include use of central venous catheters, 
cardiovascular implanted electronic devices, congenital heart disease, prosthetic 
heart valves, and end-stage renal disease on hemodialysis [5, 6]. Mortality rate of 
RSIE is typically 5–15% [6]. The risk factors and independent predictors of death 
are age, Staphylococcus aureus infection, heart failure, embolic events and health 
care-associated IE [5].

2.1 Tricuspid valve endocarditis

2.1.1 Epidemiology

Ninety percent of RSIE involves the tricuspid valve, of which infection result-
ing from intravenous drug use (IVDU) constitutes approximately 30–40% of all 
tricuspid valve endocarditis cases. The incidence of tricuspid lesions in IVDU is 
approximately 50–65%, with a prevalence of about 2–5% per year [6]. With ongoing 
IVDU, IE reoccurs in about 28% of cases due to prior damage or replacement of the 
valve [6]. Staphylococcus aureus is the predominant causative organism in TVIE, just 
as in all types on of IE [4, 6]. The opioid epidemic over the last several years has seen 
an increase in patients with IVDU as subsequently an increase in TVE. Heroin abuse 
has more than doubled over the past decade along with TVE during the same period. 
A study by Wallen et al. showed a fivefold increase in surgical volume for tricuspid 
endocarditis from 2011 to 2017. In addition, the average age of patients seemed to 
decrease from 52.85 +/−19.6 years to 39.2 +/−12.9 over the same five-year period [7]. 
In addition, multiple other studies have reported an increase in tricuspid-related IE 
corresponding to an increase in IVDU during the same period [8–10].

2.1.2 Treatment and prognosis

As a whole, RSIE carries a good prognosis. TVIE clears in 70–85% of cases with 
antibiotic treatment alone. Non-operatively treated TVIE carries an in-hospital 
mortality of 7–11% [6]. Non operative treatment typically consists of 4–6 weeks 
of intravenous antibiotics. However, approximately 5–16% cases of RSIE will 
require surgical intervention [6]. Indications and timing for surgery are less clear 
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for RSIE than for left-sided infectious endocarditis (LSIE). According to the most 
recent AHA/ACC guidelines, surgery for native RSIE is indicated for patients with 
antibiotic failure, multi-drug-resistant organisms, tricuspid vegetations greater 
than 2 cm, embolic complications, or right-sided heart failure with poor response 
to diuretics [11, 12]. Most patients with infected prosthetic TV will require surgery, 
except in patients with unacceptable intra-operative mortality risk [6]. Surgery 
is less often performed for TV regurgitation due to IE, as it is more amendable to 
medical management and unlike aortic or mitral valve regurgitation, most patients 
can tolerate TV regurgitation up to a certain period [6]. Patients with isolated TVIE 
have an operative mortality between 0 and 15% and excellent survival. The post-
surgical in-hospital mortality for TVIE is less than 10% and long term post-surgical 
mortality for TVIE is less than 15%, but increased in the presence of additional risk 
factors such as continued intravenous drug abuse, hemodialysis, valve replacement, 
S. aureus, and vegetation greater than 20 mm [6].

2.1.3 Current surgical options

Over the years, various surgical options have been used in TVIE. Surgical 
options range from valve repair or replacement to the removal of the tricuspid valve 
leaflets and chordae tendinae without replacement (valvectomy). Valvectomy, 
essentially commits the patient to require surgical repair, but has been used with 
success to temporize a patient while fighting ongoing systemic infection [6]. 
According to a systematic review by Luc et al., the post-operative 30-day mortal-
ity, right heart failure, and recurrent endocarditis was the same with valvectomy 
compared to surgical valve replacement for endocarditis but with a slightly higher 
non-significant trend towards higher postoperative right heart failure and 30-day 
mortality [13]. Tricuspid reoperation rate, however, was higher in valvectomy 
(56%) versus valve replacement (14%) in addition to an increased likelihood of 
prolonged ventilation (40% vs. 26%) in the valvectomy group [13].

Tricuspid valvectomy can be a feasible option in patients with active ongoing 
IVDU, normal pulmonary pressure, normal biventricular heart function, high 
degree of valvular destruction and high risk of reoperation, recidivism and recur-
rence for infection [13, 14]. Valvectomy with valve replacement as a staged proce-
dure can allow patients to self-select in terms of their ability to maintain adequate 
follow-up, undergo detoxification and drug rehabilitation, optimize their social 
and financial situation, and demonstrate abstinence from IVDU prior to tricuspid 
valve replacement. However, valvectomy is largely falling out of favor due to the 
potential of severe right heart failure and the ventricularization of right atrial 
pressures [13, 15]. In patients with normal heart function pre valvectomy, severe 
right heart failure with symptoms of peripheral edema and ascites can occur within 
6–9 months post valvectomy [6]. Therefore, patient with elevated pulmonary artery 
pressure are therefore not candidates for complete valvectomy [6].

The preferred surgical procedure is that of repair, particularly because it adheres 
to the basic principles cited for the successful surgical treatment of infective 
endocarditis. These include aggressive and extensive debridement of vegetations; 
correction of defects that have developed; use of autologous tissue to avoid implan-
tation of artificial material [13, 16]. Most centers will prioritize valve repair prior to 
valve replacement or valvectomy [13].

2.1.4 Valve choice with replacement

Both bioprosthetic valves and mechanical valves have been used for valve 
replacement in TVIE. The gold standard anticoagulation after mechanical valve 
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potential of severe right heart failure and the ventricularization of right atrial 
pressures [13, 15]. In patients with normal heart function pre valvectomy, severe 
right heart failure with symptoms of peripheral edema and ascites can occur within 
6–9 months post valvectomy [6]. Therefore, patient with elevated pulmonary artery 
pressure are therefore not candidates for complete valvectomy [6].

The preferred surgical procedure is that of repair, particularly because it adheres 
to the basic principles cited for the successful surgical treatment of infective 
endocarditis. These include aggressive and extensive debridement of vegetations; 
correction of defects that have developed; use of autologous tissue to avoid implan-
tation of artificial material [13, 16]. Most centers will prioritize valve repair prior to 
valve replacement or valvectomy [13].

2.1.4 Valve choice with replacement

Both bioprosthetic valves and mechanical valves have been used for valve 
replacement in TVIE. The gold standard anticoagulation after mechanical valve 
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replacement is warfarin. Warfarin is can be difficult to manage as levels are depen-
dent on patients’ variable vitamin K intake and requires frequent monitoring. 
Furthermore, problems with compliance with monitoring and anticoagulation 
therapy is more frequently seen in patients with IVDU and this population is also 
the most common to present with recurrent right-sided endocarditis and require 
surgery for valve replacement. With bioprosthetic valve replacement, only first 
three months of anticoagulation after replacement are required to prevent throm-
bosis, although this practice itself can be variable [17, 18]. This time frame allows 
for reendothelialization to the suture zone [17]. Due to decreased duration of 
anticoagulation, bioprosthetic valves are associated with lower rates of bleeding 
complications [19].

Another advantage of bioprosthetic valve replacement compared to mechanical 
valve, is the thrombosis risk. Obstruction of the tricuspid mechanical prosthesis 
due to thrombosis is 20 times more frequent than left-sided prosthetic valve 
thrombosis [17]. This is likely due to low flow state of the right heart compared to 
the left. Lastly, Patients with bioprosthetic valve replacement are still candidates 
for pacemaker and ICD placement as compared to mechanical valves [6]. Similarly, 
embolic events are more common with mechanical valves [19]. Ergo, prosthetic 
valve replacement may be a better option from this perspective. Mechanical 
tricuspid valve replacement may be beneficial from the durability perspective as 
they last longer than bioprosthetic valves [6, 19]. Previously average failure time 
for tricuspid bioprosthetic valve was 7 years [19]. However, the durability of new 
bioprosthetic valves have improved over the years as recent data suggest no dif-
ference in long term data between bioprosthetic and mechanical valves at 15 years 
[20]. Additionally, mitral homografts have been used in the tricuspid space but with 
limited experience and long-term data [21].

2.1.5 Percutaneous options for valve replacement

Percutaneous tricuspid valve replacement (PTVR) creates unique challenges 
as compared to the left side. One, the tricuspid annulus is large is size compared to 
the mitral annulus and can be further increased with right ventricular dilation. For 
large valve replacement, large caliber sheaths and large bore venous access must be 
obtained [22]. Only jugular and femoral veins can accommodate such large bores 
of up to 45 French [22]. Trans-atrial approach has been used in the past; however, 
this requires surgical expertise. Two, tricuspid valves are more difficult to anchor 
percutaneously as there is limited calcification and the structure itself is dynamic 
(changes in diameter in systole and diastole). Three, PTVR carries an increased risk 
post-procedural conduction defects just as with surgical repair [6, 21]. Frequently 
with percutaneous replacement the tricuspid annulus becomes stretched. This can 
cause a complete atrio-ventricular (AV) block, requiring pacemaker placement, due 
to proximity of the AV node and the bundle of His to the tricuspid valve. Similarly, 
proximity of the tricuspid valve to the right coronary artery, coronary sinus, vena 
cava create additional challenges with percutaneous placement and valve design 
[22]. Furthermore, patients with pacemaker or ICD devices are not great candidates 
for percutaneous tricuspid valve replacement as placement of a valve may dislodge 
leads. Lastly, there is very limited data on the percutaneously placed tricuspid 
valve replacement durability and more studies are necessary. Unlike, for surgical 
tricuspid valve replacement there are no guidelines regarding timing of percutane-
ous valve aortic valve replacement after infective endocarditis. Without surgical 
debridement or percutaneous debulking and with antibiotics use alone, there is a 
high theoretical reinfection risk of the new tricuspid valve placed using a percuta-
neous approach after endocarditis.

147

Contemporary and Evolving Treatment of Tricuspid Endocarditis
DOI: http://dx.doi.org/10.5772/intechopen.95434

2.2 Cardiac implantable device endocarditis

Cardiac implantable device endocarditis (CIDE) involves cardiovascular 
implantable electronic devices (CIED) which include permanent pacemakers 
(PPM), implantable cardiac defibrillators (ICD), and cardiac resynchronization 
systems (CRT). CIDE is diagnosed based on the presence of the following four 
criteria:

• Presence of a cardiac device;

• No other source of infection;

• A positive culture for typical causative agents from the pocket of the device or 
its leads; and

• Echocardiographic findings of vegetation on the tricuspid valve or at the end 
of the electrical lead [23].

Specifically, for CIDE diagnosis, the Duke criteria should be used. Patient pre-
sentation can be variable and can involve all or just a few symptom including fevers, 
rigors, anorexia, fatigue, local tissue inflammation. In addition, there may be 
possible purulent discharge, device exposure, focal pain that may help localize the 
primary site of infection. Other symptoms could be neurologic or cardiac consistent 
with embolic stroke, or symptoms of volume overload [23].

2.2.1 Epidemiology

Intracardiac device infections constitute approximately 10% of all endocarditis 
cases [24]. CIEDs have been implanted in patient as early as 1960s, but over the last 
two decades had significant increase in incidence. According to American Heart 
Association update, between 1997 and 2004, PPM placement increased by 19% and 
ICD placement increased by 60% [25]. Other studies quote an even higher increase 
of 30% for PPM and over 500% for ICDs [26]. In the United States greater than 
500,000 PPMs and ICDs are implanted per year with over 4 million implanted 
between 1993 and 2008 [27]. Notably, more patients who are elderly and those with 
many comorbidities have been receiving these devices [25]. In developed countries 
20–35% of CIEDs were placed in patients older than 80 years of age [25].

Over the years, changing the implantation site of ICD from abdomen (associated 
with 3.2% infection rate) to pectoral site (associated with 0.5% infection rate) ini-
tially decreased the incidence of device related infections [25]. Despite the innova-
tion in PPM and ICD technology together with better surgical technique, the rate of 
infections associated with cardiac devices has increased by 124–210% [25, 26]. About 
1.8–31.1 cases of CIED infection per 1000 device years has been reported for PPM 
and ICD devices and overall higher rates of infection with ICDs and CRTs [27]. This 
change is likely due to increased rate of CIED implantation in people over the age of 
65 and presences of major comorbidities such as renal failure, respiratory failure, 
heart failure and diabetes [26]. CIED infections are associated with up to 18% of 
morbidity and mortality and increase by 47% per decade hospital charges [26].

Early infection typically arises from device implantation [27]. With first time 
implantation the rate of CIED related infection is 0.5–1% and 1–5% with device 
replacement or upgrade [27]. CIED related infection can involve the bloodstream, 
the generator pocket, the leads, or endocardial structures [26, 27]. Late infection 
typically arises from patient poor health or other clinically significant processes. 
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Almqvist et al., further divides the spectrum of CIED infections into six different 
categories: early post-implantation inflammation, uncomplicated pocket infection, 
complicated pocket infection, definite CIED lead infection, possible CIED lead 
infection, CIED-associated endocarditis, and probable CIED infection [26].

2.2.2 CIED infection risk factors

Patients with chronic kidney disease, long-term corticosteroid use, presence of 
more than 2 pacing leads, diabetes mellitus, heart failure and oral anticoagulation 
are at higher risk for CIED infection [25, 26]. Use of preprocedural temporary pac-
ing, fever within 24 hours prior to implantation, blood stream infections, and early 
reintervention were also associated with higher risk of CIED infection [25]. Lower 
rates of CIED infection was associated with antibiotic perioperative prophylaxis 
new device placement, use of pectoral approach rather than abdominal or transtho-
racic approach, and device placement by a high-volume physician [25].

2.2.3 Pathogenesis and microbiology

Source of microorganisms often originate from the skin during the implantation 
of the electrical agent in the subcutaneous tissue, from the pocket in which the elec-
trical agent is placed, the tunnel that forms around the lead before its point of entry 
into the blood vessel or from bacteria unrelated to the CIED, which may be present in 
the form of a foreign body placed on or in contact with the endocardial tissue, or that 
applies pressure to the endocardial tissue and tricuspid valve [23, 27]. Alternatively, 
contamination of the CIED can occur at different stages or from various causes. This 
includes but is not limited to manufacturing or packaging, infection prior to or dur-
ing implantation, secondary to surgical site infection or via hematogenous seeding 
from a distant site or after erosion through the skin [24, 25, 27].

Physical and chemical properties such as electrostatic charge, surface tension 
and hydrophobicity of each device plays an important role in the interaction with 
bacteria and development of bacterial attachment and biofilm formation [23]. 
More hydrophobic surfaces such as polyvinyl chloride, polyethylene, silicone, latex 
and stainless steel are associated with higher microbial adherence [24]. Pathogens 
are more likely to adhere to irregular surfaces and may also adhere to the patient’s 
matrix proteins (fibrinogen, fibronectin and collagen) that coat the surface of an 
implanted device [25]. CIED infections are more likely to occur due to gram positive 
bacteremia than gram negative bacteremia [25]. Staphylococci species, especially 
coagulase negative staph, have a knack for adhesion to CIEDs via host matrix pro-
teins and to each other thus forming biofilms [24, 25]. Coagulase negative staphylo-
cocci comprise 42% of all PPM and ICD infections, followed by oxacillin sensitive 
S. aureus (25%), oxacillin resistant S. aureus (4%), with the remaining causative 
organisms being other gram positive cocci (4%), gram negative bacilli (9%), fungal 
(2%), polymicrobial (7%), and unidentified/culture negative (7%) [28].

2.2.4 The role of biofilm

Biofilm is a group of one or more microbial species firmly attached to a device sur-
face and each other and covered by extracellular polymeric matrix [24, 25]. This matrix 
provides a protective barrier and results in antibiotic resistance and extreme difficult 
of bacterial irradiation that frequently requires device explanation [24, 25]. Some 
bacteria are more adept to adhering to non-biological materials such as staphylococci.
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2.2.5 Treatment and prognosis

Antibiotics are generally empirically initiated after obtaining at least three 
sets of blood cultures. These usually consists of broad-spectrum intravenous 
antibiotics covering both gram-positive and gram-negative bacteria, including 
methicillin/oxacillin-resistant Staphylococcus aureus [29]. Antibiotic therapy alone 
without device removal, however, is associated with a 7 times increase in 30-day 
mortality [28]. Treatment of CIDE as recommended per the 2017 HRS Consensus 
Document include complete device and lead removal in addition to antibiotics [29]. 
Immediate system removal is associated with a 3 times decrease in 1-year mortality 
as compared to preliminary antibiotic treatment and delayed system removal [30]. 
Mortality rates in patients with endocarditis who had systems removed and anti-
microbial therapy are 18% or less compared with up to 66% on antibiotic therapy 
alone [27]. Multiple clinical studies have now demonstrated a 97.7% clinical success 
rate with hardware removal in addition to antibiotic therapy [30].

2.2.6 Duration of treatment

The start of antibiotic therapy duration is counted from the first day of nega-
tive blood cultures, therefore it is reasonable to obtain blood cultures every 24 to 
48 hours until they are negative [31]. If the patient requires surgery and the surgical 
cultures are negative, then the duration of therapy is still counted from the first 
day of negative blood cultures [31]. If surgical cultures are positive, then the start 
of antibiotic therapy duration occurs the next day, after the achievement of source 
control [31]. This applies to post device removal as well as some authors recommend 
obtaining new blood cultures 48–72 hours post device removal [26]. If the need for 
CIED remains in patients treated for bacteremia, negative blood cultures should be 
documented at least 72 hours prior to new device implantation [29]. Duration of 
treatment usually consists of 4–6 weeks of IV antibiotics, in addition to removal of 
CIED [29].

3. Evolving percutaneous options for treatment

Given that 10–15% of patients fail medical therapy, percutaneous treatment 
options as an adjunct to medical therapy have now started to become main-
stream. Specifically, the use of AngioVac device (AngioDynamics, Latham, 
New York) has begun to get traction because of its ease of use, low risk profile 
and ability to debulk the vegetation and prevent septic pulmonary emboli. The 
AngioVac system is a veno-venous extracorporeal system. The most common 
configuration is as a bilateral femoral venous platform or via the right internal 
jugular and femoral platform. The system mainly consists of a cannula and a 
circuit along with a trap, which captures the undesirable material. AngioVac 
is currently used in the setting of thromboembolic disease, particularly in the 
vena cava or the right atrium. Both the cannula and circuit are indicated for use 
in procedures requiring extracorporeal circulatory support for periods up to 
six hours for removal of fresh, soft thrombi or emboli. The cannula and circuit 
are designed to be used with off shelf pump, filter and reinfusion cannula. The 
device itself leverages the use of blood flow through a centrifugal pump to create 
negative pressure in order to extirpate undesirable intravascular material, such as 
thrombus, emboli or vegetation.
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Given that 10–15% of patients fail medical therapy, percutaneous treatment 
options as an adjunct to medical therapy have now started to become main-
stream. Specifically, the use of AngioVac device (AngioDynamics, Latham, 
New York) has begun to get traction because of its ease of use, low risk profile 
and ability to debulk the vegetation and prevent septic pulmonary emboli. The 
AngioVac system is a veno-venous extracorporeal system. The most common 
configuration is as a bilateral femoral venous platform or via the right internal 
jugular and femoral platform. The system mainly consists of a cannula and a 
circuit along with a trap, which captures the undesirable material. AngioVac 
is currently used in the setting of thromboembolic disease, particularly in the 
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3.1 Cannula

The current iteration of the cannula is in its third generation. It is available in 
either a 180- or 20-degree angled tip (Figure 1). The cannula itself is radiopaque 
with a self-expanding nitinol tip which allows for visualization under fluoroscopic 
imaging. The tip is funnel shaped which allows for greater contact surface area of the 
unwanted material and the cannula shaft supported by a flat stainless-steel coiled wire 
within the catheter body to support greater pushability, kink resistance, and column 
strength. The cannula is further supported by a slide over sheath (Figure 2), which 
allows the user to maintain the desired angle needed to engage the unwanted material.

3.2 Circuit

The circuit consists of ½ inch tubing typically used for extracorporeal circula-
tion with the use of quick connectors which allow for greater efficiency and ease 
of use. The quick connector are rotating adapters that allows for rotation of the 
cannula independently without twisting or kinking the circuit tubing. In addition, 
the circuit has a built in Y-Adapter with touhy insert allowing for over-the-wire 
capability through a working side port (Figure 3). This allows the user to use up to a 
17 French adjunctive device alongside the cannula if needed.

Figure 2. 
AngioVac cannula with slide over sheath.

Figure 1. 
AngioVac cannula.
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3.3 Pump

The pump used with this system can be any off the shelf centrifugal pump. The 
centrifugal pump leverages negative pressure with increase in flow rates to extirpate 
undesirable material into the trap. Typical flow rates are around 3-4 Liters/minute. 
Once the material is engaged, flows will almost always come down to zero, but the 
negative pressure of the pump circulating allows the material to be suctioned up 
into the cannula and subsequently into the circuit and trap. Cavitation can occa-
sionally occur but is well tolerated on the right side especially if the patient does 
not have a patent foramen ovale. When cavitation occurs, clamping the inflow and 
outflow and deairing the circuit is made simple due to the quick connectors.

3.4 Placement

As mentioned earlier, the AngioVac cannula can be used in the vena cava as well 
as the right atrium. It is not indicated for use in the pulmonary artery, but centers 
have used it in the right ventricle on occasion to extirpate vegetation or clot under-
neath the tricuspid valve. As centers have gained more experience with thrombo-
embolism mainly in the right atrium, more centers are now using AngioVac for 
vegetations particularly on the tricuspid valve [32–34]. Access is obtained usually 
percutaneously in both femoral veins or through the right internal jugular vein and 
a femoral vein for a veno-venous configuration (Figure 4).

Figure 3. 
AngioVac circuit.
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strength. The cannula is further supported by a slide over sheath (Figure 2), which 
allows the user to maintain the desired angle needed to engage the unwanted material.

3.2 Circuit

The circuit consists of ½ inch tubing typically used for extracorporeal circula-
tion with the use of quick connectors which allow for greater efficiency and ease 
of use. The quick connector are rotating adapters that allows for rotation of the 
cannula independently without twisting or kinking the circuit tubing. In addition, 
the circuit has a built in Y-Adapter with touhy insert allowing for over-the-wire 
capability through a working side port (Figure 3). This allows the user to use up to a 
17 French adjunctive device alongside the cannula if needed.

Figure 2. 
AngioVac cannula with slide over sheath.

Figure 1. 
AngioVac cannula.
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3.3 Pump

The pump used with this system can be any off the shelf centrifugal pump. The 
centrifugal pump leverages negative pressure with increase in flow rates to extirpate 
undesirable material into the trap. Typical flow rates are around 3-4 Liters/minute. 
Once the material is engaged, flows will almost always come down to zero, but the 
negative pressure of the pump circulating allows the material to be suctioned up 
into the cannula and subsequently into the circuit and trap. Cavitation can occa-
sionally occur but is well tolerated on the right side especially if the patient does 
not have a patent foramen ovale. When cavitation occurs, clamping the inflow and 
outflow and deairing the circuit is made simple due to the quick connectors.

3.4 Placement

As mentioned earlier, the AngioVac cannula can be used in the vena cava as well 
as the right atrium. It is not indicated for use in the pulmonary artery, but centers 
have used it in the right ventricle on occasion to extirpate vegetation or clot under-
neath the tricuspid valve. As centers have gained more experience with thrombo-
embolism mainly in the right atrium, more centers are now using AngioVac for 
vegetations particularly on the tricuspid valve [32–34]. Access is obtained usually 
percutaneously in both femoral veins or through the right internal jugular vein and 
a femoral vein for a veno-venous configuration (Figure 4).

Figure 3. 
AngioVac circuit.
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3.5 Indications

The surgical indications for TVE are less clear than that of endocarditis involving 
the left side of the heart. Current indications for surgery include vegetations >2 cm, 
evidence of septic pulmonary emboli, methicillin resistant organism, fungal infections 
and structural deterioration causing severe tricuspid valve regurgitation and heart 
failure [21]. However, given the repeat IVDU in these patients a surgical treatment is 
less likely to last for long due to repeat episodes of TVE. More concerning is the poten-
tial of prosthetic valve endocarditis which almost always necessitates a reoperation. 
Surgeons often find themselves in an ethical dilemma when patients represent needing 
a reoperation, especially when they have failed a second or third time. The risk of 
reoperation steadily increases and at some point, the risks outweigh the benefits. 

Figure 4. 
AngioVac placement and configuration.
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However, a percutaneous option is more appealing due to its less invasive nature and 
the fact that it can be done multiple times without increasing the risk for the patient.

4. Current data

4.1 Percutaneous valve debulking in tricuspid valve endocarditis

Although vast data for the use of percutaneous valve debulking (PTVD) is rare, 
there are some retrospective data available. George et al., look at a review of 33 
consecutive patients over 40 months who were declined traditional surgical manage-
ment for TVE. Procedural success was defined as the removal of >1 cm of particulate 
and/or the ability to removal additional particulate. Patients were young with a vast 
majority being positive for IVDU (73%) with staphylococcal species being the most 
common causative agent. (75%). The average size of the tricuspid vegetation was 
2.1 + 0.7 cm. More than 75% of patients had clearance of bacteremia within 48 hours 
of the procedure. Roughly 43.5% of patients however had worsening of their tricus-
pid regurgitation [32]. The same group also compared PTVD to valve replacement in 
a retrospective study which showed that the 1-year mortality was unchanged between 
the two cohorts, with the PTVD cohort having a shorter hospital length of stay [33].

A recent multicenter retrospective review showed at in 89 patients, 70% of 
patients had complete clearance of bacteremia within 48 hours of the proce-
dure with only one patient requiring surgery for severe TR and heart failure. 
Surprisingly, the TR was unchanged in most patients (60%) and improved in 20% 
and worsened in 20%. The group of patient who had worsening of their TR were 
those who was on the borderline of mild–moderate and moderate–severe TR [34].

4.2 AngioVac in CIDE

Recent data from Starck et al. in 101 patients undergoing lead extraction with 
vegetation showed low risk and possible survival benefit when PTVD was com-
bined with lead extraction [35]. Extraction was performed with either mechanical, 
laser or traction alone in the setting of a femoral to femoral venous configuration of 
AngioVac. This resulted in a theoretical reduction of septic pulmonary emboli with 
low intraprocedural complication rate. Overall, thirty-day mortality was 3% which 
was due to severe sepsis.

5. Conclusion

RSIE is increasing particularly due to the incidence of patients with CIEDs 
and IVDU particularly due to the opioid epidemic (7–10). Medical management 
alone is these groups of patients leads to medical failure and can lead to further 
complications such as septic pulmonary emboli. Surgical intervention in TVE is 
associated with higher risk of recurrent infection, thromboembolic and bleeding 
complications and reoperation with valve replacement [6]. In addition, contempo-
rary series have shown that valve repair is preferred over replacement especially in 
IVDUs [6, 36, 37]. In addition to current recommendations, the use of percutaneous 
aspirational techniques provide a unique and effective way to treat these patients. 
These techniques are evolving and may become standard of care involving a multi-
disciplinary approach and avoid the need for surgical intervention at the time of 
presentation and potentially allow for a greater chance of needing of having a repair 
rather than a replacement in patients with structural deterioration of their valve.
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4. Current data

4.1 Percutaneous valve debulking in tricuspid valve endocarditis
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common causative agent. (75%). The average size of the tricuspid vegetation was 
2.1 + 0.7 cm. More than 75% of patients had clearance of bacteremia within 48 hours 
of the procedure. Roughly 43.5% of patients however had worsening of their tricus-
pid regurgitation [32]. The same group also compared PTVD to valve replacement in 
a retrospective study which showed that the 1-year mortality was unchanged between 
the two cohorts, with the PTVD cohort having a shorter hospital length of stay [33].

A recent multicenter retrospective review showed at in 89 patients, 70% of 
patients had complete clearance of bacteremia within 48 hours of the proce-
dure with only one patient requiring surgery for severe TR and heart failure. 
Surprisingly, the TR was unchanged in most patients (60%) and improved in 20% 
and worsened in 20%. The group of patient who had worsening of their TR were 
those who was on the borderline of mild–moderate and moderate–severe TR [34].
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Recent data from Starck et al. in 101 patients undergoing lead extraction with 
vegetation showed low risk and possible survival benefit when PTVD was com-
bined with lead extraction [35]. Extraction was performed with either mechanical, 
laser or traction alone in the setting of a femoral to femoral venous configuration of 
AngioVac. This resulted in a theoretical reduction of septic pulmonary emboli with 
low intraprocedural complication rate. Overall, thirty-day mortality was 3% which 
was due to severe sepsis.
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RSIE is increasing particularly due to the incidence of patients with CIEDs 
and IVDU particularly due to the opioid epidemic (7–10). Medical management 
alone is these groups of patients leads to medical failure and can lead to further 
complications such as septic pulmonary emboli. Surgical intervention in TVE is 
associated with higher risk of recurrent infection, thromboembolic and bleeding 
complications and reoperation with valve replacement [6]. In addition, contempo-
rary series have shown that valve repair is preferred over replacement especially in 
IVDUs [6, 36, 37]. In addition to current recommendations, the use of percutaneous 
aspirational techniques provide a unique and effective way to treat these patients. 
These techniques are evolving and may become standard of care involving a multi-
disciplinary approach and avoid the need for surgical intervention at the time of 
presentation and potentially allow for a greater chance of needing of having a repair 
rather than a replacement in patients with structural deterioration of their valve.
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Chapter 9

Surgery for Tricuspid Valve 
Endocarditis in the Current Era
Sameh M. Said

Abstract

Tricuspid valve endocarditis (TVE) continues to be on the rise and has been mostly 
attributed to the growing epidemic of intravenous drug abuse (IVDA). Other risk 
factors include long-term indwelling central venous catheters and implantable cardiac 
devices. While medical management continues to be the first line therapy, surgery is 
indicated when medical management fails, and in the presence of hemodynamic dete-
rioration, recurrent septic pulmonary embolization and/or persistent sepsis. Tricuspid 
valve (TV) excision once was the main surgical strategy, but other options include TV 
repair/reconstruction and replacement. Remaining challenges include management of 
drug-induced endocarditis and the best strategy for recurrent infection.

Keywords: endocarditis, tricuspid valve endocarditis, intravenous drug abuse, 
implantable cardiac devices

1. Introduction

Infective endocarditis remains a serious disease that is associated with significant 
morbidity and mortality. The overall incidence is relatively low, about 5/100,000 
person-years [1]. In the current era, aggressive medical therapy and earlier surgical 
interventions with few exceptional circumstances have been the goal. Recent litera-
ture shows relatively stable mortality rates, despite the improvement in diagnostic 
and therapeutic tools including medical therapy and surgical techniques [2]. Isolated 
TVE overall is less common in comparison to left sided endocarditis. In a study of 801 
adult patients with endocarditis, tricuspid or multivalvular involvement was present 
in 31.2% and this was a significant risk factor of early mortality on multivariate analy-
sis [3]. The incidence of TVE is increasing, mostly related to the growing epidemic of 
drug abuse. In the report by Seratnahaei et al., the incidence of tricuspid endocarditis 
increased from 6% between 1999 and 2000 to 36% between 2009 and 2010 [4].

2. Epidemiology

Right-sided endocarditis occurs at lower incidence in comparison to left-sided 
infection due to the less common pathology that involves the right heart in addition 
to the lower pressures and decrease oxygen content in comparison to the left side of 
the heart [5].

Right-sided endocarditis represents 5–10% of infective endocarditis cases [6], 
and TVE constitutes the majority of these cases. Of all surgeries for endocarditis in 
North America, 4.1% involves TVE [7].
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3. Natural history

Isolated TVE has been reported to have a favorable prognosis and good response 
to medical therapy with few exceptions. Ginzton and colleagues studied 16 patients 
(12 had history of IVDA) with TVE to define echocardiographic criteria to help 
identifying those at risk for complications or need for TV surgery [8]. The authors 
concluded that TV vegetations tend to resolve with time, however, those with per-
sistent infection, cardiomegaly and right heart failure are at increased risk, and no 
M mode or two-dimensional echocardiographic feature is a predictor of outcome.

This tendency for TV vegetations to resolve overtime is different from left-sided 
endocarditis which tend to persist. This could be related to bacteriological cure or 
silent embolization to the lung overtime.

4. Risk factors

• Intravenous Drug Abuse (IVDA)

 ○ This is the most common predisposing factor for right sided endocarditis 
and it ranges between 2 and 5% per year.

 ○ Approximately 15 opioid overdose deaths and 5 heroin overdose death per 
100,000 population reported in 2016, in comparison to 6 opioid overdose 
deaths and one heroin overdose death per 100,000 population in 2010, 
according to the Centers for Disease Control data [9]. This growing epidemic 
of drug abuse constitutes a major risk factor for TVE. In an analysis of the 
Society of Thoracic Surgeons national database, isolated TV operations were 
performed in 1613 patients with intravenous drug-associated TV endocardi-
tis between 2011 to 2016 [10].

 ○ Structural abnormalities of the TV have been noticed in those with chronic 
use of injected drugs. These abnormalities have been visualized by echocar-
diography and include leaflet thickening, and/or prolapse with or without 
regurgitation [11].

• Long-term Indwelling Catheters

 ○ One of the most common complications of long-term indwelling central 
venous catheters that are used for long-term hemodialysis or long-term 
delivery of medications such as chemotherapy has been infection [12]. The 
incidence of this type of infection is increasing and is parallel to the increase 
use of indwelling central venous catheters. In the United Sates, it is estimated 
that about 35,000 cases of catheter-related Staphylococcus aureus infection 
are reported each year with 6% of them developing into endocarditis [13].

• Implantable Cardiac Devices

 ○ This is a severe type of infection that is seen in patients with permanent 
pacemakers and defibrillators, and its incidence has been on the rise due to 
the increase use of these devices. In a prospective study of 2760 patients by 
Athan et al. [14], the incidence of cardiac device-related infection was 6.4%. 
Coexisting valvular involvement was present in 37.3%, of which 24.3% was 
TVE.
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 ○ The risk of infection after pacemaker implantation is 0.5–1% in the first year 
after implantation and with the increase complexity of the implanted device, 
and the need for device replacement or revision procedures, it increases 
further [15].

• Congenital Heart Defects

 ○ Patients with ventricular septal defect (VSD) and left-to-right shunts are 
at risk of endocarditis. TV involvement occurs secondary to the jet lesion 
against the anterior or the septal leaflets of the TV. Current guidelines do not 
recommend endocarditis prophylaxis anymore in those with acyanotic heart 
defects due to the low risk of its occurrence in this population [16].

 ○ Endocarditis in the presence of atrial septal defects is extremely rare due to 
the slow velocity of the shunt flow, and only few reported cases exist in the 
literature. An explanation of such occurrence could be related to the devel-
opment of tricuspid regurgitation secondary to right ventricular volume 
overload which increases the risk of TV involvement [17].

5. Microbiology

The most predominant organism is Staphylococcus aureus (60–90%). In IVDA, 
there has been an increase in methicillin-resistance and polymicrobial infection 
[18]. Coagulase-negative Staphylococcus infection occurs more frequently in the 
presence of prosthetic valves and indwelling central catheters. Although infection 
with Streptococci can occur (<10%), it remains higher in left-sided endocarditis 
[19]. There is also increase in infection with Pseudomonas and other gram-negative 
bacteria. Fungal infection is not uncommon and has been associated with high 
mortality especially in immunocompromised patients and those with intracardiac 
devices [20].

6. Clinical presentations

Clinical presentation may vary depending on degree of involvement/destruction 
of the tricuspid valve and presence or absence of complications. The most common 
presentation has been persistent fever, chills, anorexia, fatigue, cough, dyspnea, 
dizziness, cardiac murmur, and varying degrees of heart failure. Septic shock may 
occur in severe cases.

7. Complications of tricuspid endocarditis

The most common complications are related to valvular destruction with subse-
quent varying degrees of tricuspid regurgitation. Large vegetations can lead to val-
vular obstruction or recurrent septic pulmonary embolization (Figure 1(A)) and 
hemoptysis or pulmonary abscesses (Figure 1(B)). This repeat pulmonary emboli-
zation can result in elevation of the right-sided pressures, which in the presence of 
atrial level shunting, can lead to systemic embolization as well [21]. In severe cases, 
abscess formation is not uncommon [22], so as varying degrees of atrioventricular 
block. Acute diffuse glomerulonephritis secondary to immune complex formation 
and complement C3 deposition in the renal glomeruli resulting in acute renal failure 
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has been reported with Staphylococcus aureus [23]. When sepsis is uncontrolled, this 
can lead to right heart failure, septic shock, and multiorgan failure.

Acquired VSD can occur after an episode of endocarditis. Gerbode described in 
1958 [24] an acquired form of left ventricular-to-right atrial shunting with success-
ful repair. Acquired Gerbode defect is a type of paramembranous VSD that is asso-
ciated with left ventricular-to-right atrial shunting which can occur above (Type I), 
below (Type II) or both sides (Type III) of the septal leaflet of the TV [25].

8. Diagnosis

Diagnosis depends on high index of suspicion and by identifying the patient’s 
risk factors and the occurrence of the usual manifestation of infection such as 
persistent fever and other signs of bacteremia. Echocardiography remains the 
most appropriate initial test in these patients. Both transthoracic and transesopha-
geal modalities are important to confirm the diagnosis, identify the presence of 
vegetations (Figure 2; Video 1—https://bit.ly/3mDCQxK), evaluate the degree 
of TV destruction/regurgitation (Video 2—https://bit.ly/3mDCQxK), rule out 
any intra-cardiac shunts and evaluate the left side of the heart for any evidence of 
multivalvular involvement.

Figure 1. 
(A and B). Preoperative computed tomography scan in a patient with isolated tricuspid valve endocarditis 
secondary to intravenous drug use showing: (A) multiple bilateral septic pulmonary emboli with cavitation. 
Notice in (B), the development of necrotic changes with possible abscess (asterisk) formation in the left lung.

Figure 2. 
A large tricuspid valve vegetation (1.9 × 1.2 mm) is shown on preoperative transthoracic echocardiography. RA: 
Right atrium; RV: Right ventricle.
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Computed tomography (CT) scan is indicated to evaluate the lung parenchyma 
and vasculature. Due to the difficulty in diagnosing septic pulmonary emboli, we 
obtain chest CT scan routinely as this may change the timing of intervention. Other 
relevant tests depend on presence of other systemic manifestations of infection/
embolization may include other cross-sectional imaging, brain imaging etc.

It is important to know that it is difficult to apply the Duke’s criteria [26] to diag-
nose TVE due to: (1) the unique anatomy of the structures in the right side of the heart 
which could simulate vegetations, (2) embolization if occurred is pulmonary rather 
than systemic which is difficult to diagnose until it evolves into pulmonary infarcts or 
abscesses, and (3) many of the radiologic findings can be mistaken for pneumonia.

9. Treatment

• Medical Treatment

In general, right-sided endocarditis resolves with medical treatment in the 
majority of cases (70–85%).

• Surgical Treatment

Although antibiotics remained the first line treatment for TVE, several patients 
may fail this line of therapy and require surgical interventions. In addition, 
those who have residual TV regurgitation will need either early or late recon-
struction or replacement of the TV.

 ○ Indications for Surgical Intervention

The following constitutes reasonable indications for surgical intervention [27]:

1. Right heart failure secondary to severe tricuspid regurgitation with poor  
response to medical therapy.

2. Persistent bacteremia/sepsis (> 7 days) with poor response to antibiotics which 
sometimes occurs in the presence of a highly virulent bacteria (Staphylococcus 
aureus, and Pseudomonas bacteremia), and infection with organisms that are 
difficult to eradicate such as fungi.

3. Recurrent septic pulmonary embolism with or without right heart failure.

4. Large TV vegetations (>20 mm) with or without right heart failure.

5. Abscess (more common in the presence of a prosthesis)

 ○ Timing of Surgery

While the exact timing of surgery remains unclear in many of these scenarios, 
it should be a team approach in decision with input from the cardiologist, cardiac 
surgeon, and the infectious disease specialist. In absence of urgent/emergent  
surgical indications (persistent sepsis, recurrent septic embolization, and heart 
failure), surgery is usually done on elective basis after a good duration of antibiotic 
therapy and appearance of negative blood cultures. This increases the chance of 
successful valve repair and minimize risk of recurrent infection. Decision is a bit 
more complicated in IVDA and in those with recurrent endocarditis.
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Other factors that may affect the timing include: (1) the presence of infected 
intracardiac devices, (2) the causative organism (fungal may not respond to medical 
therapy), and (3) the presence of concomitant left-sided infection.

 ○ Surgical Options

The principles of surgical treatment for isolated TVE follows the same principles 
in endocarditis cases which include thorough debridement, vegetation removal 
(Figure 3), and excision of all infected non-viable tissues. The preference after 
that will be to minimize the use of prosthetic materials especially in patients with 
history of IVDA and to attempt TV repair if possible.

 ○ Tricuspid Valvectomy

Excision of the TV has been proposed for those with massive valvular destruc-
tion and concerns with compliance to therapy, continued IVDA, and increased risk 
with repeat operations for infected prosthetic TV [28]. In the presence of low-nor-
mal pulmonary vascular resistance, this option may work as a temporary measure 
till sepsis is controlled.

The downside of this approach is right heart failure with development of ascites, 
peripheral edema and low cardiac output and this should be considered as a bridge 
for valve replacement once infection is cleared.

 ○ Tricuspid Valve Repair

TV repair should be strongly considered especially in IVDA cases to minimize the 
use of prosthetic materials and prosthesis that can lead to recurrent infection. The 
technique of valve reconstruction depends on the degree of valvular destruction:

1. Direct Suturing: suitable for small defects that is limited to one or two leaflets.

Figure 3. 
Intraoperative photo showing a large, excised vegetation from the posterior leaflet of the tricuspid valve. 
This was performed in a 16-year-old who presented with isolated tricuspid valve endocarditis secondary to 
intravenous drug abuse and underwent successful tricuspid valve repair after excision of the vegetations.
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2. Patch Repair (Figure 4): our preference has been to use autologous pericar-
dium or bovine pericardium to repair larger defects in the leaflet after excision 
of the vegetation and debridement of infected tissues.

3. Leaflet Replacement: a complete replacement of one leaflet can be performed 
using a variety of materials such as autologous or bovine pericardium. Multiple 
artificial chordae (neo-chordae) may be needed to join the newly formed leaf-
let with the papillary muscles of the TV and prevent prolapse.

4. Bicuspidization of the TV: this is suitable more when infection is localized 
to the posterior leaflet which can be excised, and both the anterior and septal 
leaflets are mobilized to form a bicuspid valve.

5. Annuloplasty: annuloplasty maneuvers are needed when the tricuspid annu-
lus is dilated to support the repair and minimize recurrence of regurgitation. 
This varies from suture annuloplasty (Kay’s or De Vega’s) to a ring annulo-
plasty (Figure 5(A) and (B)). Several studies reported that ring annuloplasty 
is superior to suture annuloplasty in terms of recurrence of regurgitation [29].

Figure 5. 
(A and B). Intraoperative photos showing the technique of tricuspid valve ring annuloplasty. We prefer to 
use non-pledgeted prolene sutures in a horizontal mattress fashion (A) to secure the ring due to the fragility 
of the right atrioventricular junction. It is important to secure the ring from the anteroseptal to posteroseptal 
commissures. The last stitch (pledgeted) is placed within the mouth of the coronary sinus which is critical to 
reduce the length of the inferior annulus as most of the recurrence of regurgitation occurs due to re-dilation of 
the tricuspid annulus in this area.

Figure 4. 
Intraoperative photo showing a bovine pericardial patch that is used to augment the septal leaflet of the 
tricuspid valve and improve coaptation in a patient who presented with severe tricuspid valve regurgitation 
and history of endocarditis. Notice that augmentation should be done in the belly of the leaflet and not at the 
free leading edge. Also notice the area of the atrioventricular node (asterisk).
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Other factors that may affect the timing include: (1) the presence of infected 
intracardiac devices, (2) the causative organism (fungal may not respond to medical 
therapy), and (3) the presence of concomitant left-sided infection.

 ○ Surgical Options
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(Figure 3), and excision of all infected non-viable tissues. The preference after 
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1. Direct Suturing: suitable for small defects that is limited to one or two leaflets.

Figure 3. 
Intraoperative photo showing a large, excised vegetation from the posterior leaflet of the tricuspid valve. 
This was performed in a 16-year-old who presented with isolated tricuspid valve endocarditis secondary to 
intravenous drug abuse and underwent successful tricuspid valve repair after excision of the vegetations.
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 ○ Tricuspid Valve Replacement

While TV repair is preferred, TV replacement remains the most commonly 
performed procedure [30]. Bioprostheses have been the first choice but  
mechanical prostheses have been also used in these cases. In a study by Cho et al., 
there was no difference in long-term valve-related complications such as  
thromboembolic or bleeding events between mechanical and biological  
prostheses [31].

Total autologous reconstruction of the TV using autologous/bovine pericardium 
or extracellular matrix reconstruct has been reported in some case reports to avoid 
the use of the prosthetic materials in the setting of infection [32]. We do not know 
the long-term outcome of such maneuvers.

• Special Circumstances

 ○ Isolated TV Vegetations without Valvular Destruction

In some unique scenarios, large vegetations have been identified on the tricus-
pid valve without any evidence of valvular destruction or in some patients where 
the risk of surgery is quite high. Percutaneous aspiration of these large vegeta-
tions has been performed as an alternative to surgery [33]. The AngioVac system 
(AngioDynamics, Latham, NY) was approved in 2014 by the US Food and Drug 
Administration for removal of intravascular materials such as thrombi and emboli.

This system consists of two percutaneous venous cannulae (reinfusing/drain-
age) that are connected to an extracorporeal circuit pump head and bubble trap. 
Thrombotic materials/vegetations are aspirated when the pump is started and then 
the blood is circulated through a filter prior to returning to the patient. In a study by 
George et al., the authors reported the outcomes of percutaneous aspiration in 33 
patients with large vegetations. Most of these patients (91%) were discharged home 
with reduced vegetations size in two-thirds [34]. This seems to be a reasonable 
option especially in those with prohibitive risk of surgery and in those with recur-
rent infection especially IVDA.

The obvious risks associated with percutaneous aspiration includes pulmonary 
embolization and vascular access complications.

 ○ Prosthetic Tricuspid Valve Endocarditis

In the presence of TV prosthesis, infection will be difficult to eradicate without 
removal of the prosthesis. This subgroup of patients may require early and aggres-
sive surgical eradication of infection to minimize in-hospital mortality and mor-
bidities. There is a higher risk of heart block in this subgroup of patients.

 ○ Management of Implantable Cardiac Devices/Indwelling Catheters

All infected leads and devices have to be removed. Hospital mortality is less 
when infected devices are identified earlier and removed promptly. Extraction 
of these devices by interventional cardiologist/electrophysiologist is preferred if 
possible, over the surgical extraction due to higher success and lower complication 
rates. One option, in less severe cases, is to remove these infected leads/devices, use 
temporary leads for pacemaker-dependent patients and continue antibiotic therapy 
and reevaluate the TV later, if repair or replacement is needed.

In severe cases that require urgent surgery, TV repair/replacement with con-
comitant extraction of the infected leads/devices is a better approach. Temporary 
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pacemaker leads can be used with subsequent endovenous implantation of a new 
permanent system once infection is cleared is a reasonable approach.

Other options for pacemaker-dependent patients is to use leadless pacemakers or 
trans-coronary sinus approach to avoid placing the lead through a freshly repaired 
TV or replaced tricuspid prosthesis. We have used epicardial permanent pacemaker 
system as well in some of these complex cases with limited vascular access.

This is a team decision that should be discussed thoroughly between the electro-
physiologist, cardiologists, cardiac surgeon, and the patient.

 ○ Concomitant Left Sided Disease (Multi-valvular Endocarditis)

Those with left sided involvement have worse outcomes in comparison with 
isolated TVE. These patients will require early surgical intervention to decrease 
mortality and improve outcomes. In a study by Musci and colleagues, 30-day 
survival was 96.2% for isolated right sided involvement in comparison to 72% for 
combined right and left-sided endocarditis [35].

 ○ Mycotic Aneurysms

Mycotic aneurysms involving the pulmonary vasculature are less common and 
small number of cases have been reported in the literature [36]. Staphylococcus and 
streptococcus species are the most common organisms involved in developing these 
aneurysms, but it can also occur in the settings of mycobacterial or fungal infec-
tions. Clinical manifestations are usually related to the underlying endocarditis and 
manifestations specific to these mycotic aneurysms are rare except when rupture 
occurs which can lead to catastrophic hemoptysis.

Computed tomography scan is the most reliable for detection of these aneu-
rysms. Due to the high mortality associated with rupture of these aneurysms, 
transcatheter embolization is recommended, although successful antibiotic therapy 
have been documented in those with small aneurysms that are stable [37].

 ○ Concomitant Pulmonary Emboli

In patients with TV endocarditis and large vegetations, the search for evi-
dence of pulmonary embolization is necessary especially in the presence of 
hemodynamic instability or acute new pulmonary manifestations. Concomitant 
pulmonary embolectomy at the time of TV surgery may be considered in 
patients with large bilateral/unilateral emboli especially if they are accessible. 
We have performed a retrograde pulmonary embolectomy in a recent case of 
TVE in an IVDA with CT evidence of bilateral pulmonary septic emboli. This 
technique is valuable in the presence of emboli in the distal pulmonary arterial 
bed that may not be accessible with the traditional pulmonary embolectomy 
technique [38].

 ○ Recurrent Endocarditis

The highest risk of recurrence occurs among those with IVDA [39]. In a study 
by Huang and colleagues, the authors followed 87 patients who survived their first 
episode of endocarditis and up to 25% of these patients experienced recurrence 
of infection within a year of the first episode [40]. Outcomes of repeat operation 
in this population has been poor with increased mortality. In another study by 
Jeganathan and colleagues, 68 patients underwent repeat TV operations with early 
mortality of 13.2% and higher incidence of postoperative bleeding, low cardiac 
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pacemaker leads can be used with subsequent endovenous implantation of a new 
permanent system once infection is cleared is a reasonable approach.

Other options for pacemaker-dependent patients is to use leadless pacemakers or 
trans-coronary sinus approach to avoid placing the lead through a freshly repaired 
TV or replaced tricuspid prosthesis. We have used epicardial permanent pacemaker 
system as well in some of these complex cases with limited vascular access.

This is a team decision that should be discussed thoroughly between the electro-
physiologist, cardiologists, cardiac surgeon, and the patient.

 ○ Concomitant Left Sided Disease (Multi-valvular Endocarditis)

Those with left sided involvement have worse outcomes in comparison with 
isolated TVE. These patients will require early surgical intervention to decrease 
mortality and improve outcomes. In a study by Musci and colleagues, 30-day 
survival was 96.2% for isolated right sided involvement in comparison to 72% for 
combined right and left-sided endocarditis [35].

 ○ Mycotic Aneurysms

Mycotic aneurysms involving the pulmonary vasculature are less common and 
small number of cases have been reported in the literature [36]. Staphylococcus and 
streptococcus species are the most common organisms involved in developing these 
aneurysms, but it can also occur in the settings of mycobacterial or fungal infec-
tions. Clinical manifestations are usually related to the underlying endocarditis and 
manifestations specific to these mycotic aneurysms are rare except when rupture 
occurs which can lead to catastrophic hemoptysis.

Computed tomography scan is the most reliable for detection of these aneu-
rysms. Due to the high mortality associated with rupture of these aneurysms, 
transcatheter embolization is recommended, although successful antibiotic therapy 
have been documented in those with small aneurysms that are stable [37].

 ○ Concomitant Pulmonary Emboli

In patients with TV endocarditis and large vegetations, the search for evi-
dence of pulmonary embolization is necessary especially in the presence of 
hemodynamic instability or acute new pulmonary manifestations. Concomitant 
pulmonary embolectomy at the time of TV surgery may be considered in 
patients with large bilateral/unilateral emboli especially if they are accessible. 
We have performed a retrograde pulmonary embolectomy in a recent case of 
TVE in an IVDA with CT evidence of bilateral pulmonary septic emboli. This 
technique is valuable in the presence of emboli in the distal pulmonary arterial 
bed that may not be accessible with the traditional pulmonary embolectomy 
technique [38].

 ○ Recurrent Endocarditis

The highest risk of recurrence occurs among those with IVDA [39]. In a study 
by Huang and colleagues, the authors followed 87 patients who survived their first 
episode of endocarditis and up to 25% of these patients experienced recurrence 
of infection within a year of the first episode [40]. Outcomes of repeat operation 
in this population has been poor with increased mortality. In another study by 
Jeganathan and colleagues, 68 patients underwent repeat TV operations with early 
mortality of 13.2% and higher incidence of postoperative bleeding, low cardiac 
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output syndrome, renal failure, and stroke [41]. A debate continues regarding 
offering IVDA patients and those who are noncompliant, repeat surgery when 
infection recurs.

10. Prognosis

The majority of TVE respond to medical therapy but is associated with higher 
risk of recurrence, specifically in IVDA.

The overall prognosis of isolated TV endocarditis is better than left-sided and 
multivalvular infection. This may be due to younger age of patients, less occur-
rence of systemic embolization or development of drug-resistance, in addition to 
the fewer significant hemodynamic derangements that may occur from tricuspid 
regurgitation in contrast to aortic and/or mitral involvement.

The following have been associated with poor prognosis according to several 
reports: (1) persistent sepsis with failure to respond to medical therapy, (2) 
development of right heart failure, (3) fungal infection, (4) recurrent pulmonary 
embolization, (5) septic shock, and (6) multivalvular involvement.

11. Surgical outcomes

The estimated operative mortality for surgery for TVE is between 6 and 10% 
[42]. Excision of the TV has been associated with high morbidity due to right heart 
failure [43], and TV replacement has been associated with increased risk of recur-
rent infection and need for permanent pacemaker.

Yanagawa and colleagues reported the outcome sin 1165 patients who underwent 
surgery for TVE. The indications were recurrent pulmonary embolization, right 
heart failure, persistent sepsis and concomitant left-sided infection. TV repair was 
possible in 2/3 of these patients and the majority underwent TV replacement with 
a bioprosthesis. The authors concluded that both TV repair and replacement have 
good long-term survival, but repair is associated with less risk of need for pace-
maker, recurrence of infection and reoperation [44].

Di Mauro et al. reported the surgical outcomes of isolated TVE in 157 patients 
(IVDA was present in 38%) of a multicenter registry. Repair was performed in 
49%, while replacement with a bioprosthesis was the main procedure in 46% and a 
mechanical prosthesis was used in 5%. Early mortality was 11% with no difference 
between repair or replacement. The authors identified the following factors as pre-
dictors of poor outcomes: older age, IVDA, fungal endocarditis, repeat operation, 
the use of a prosthesis, and the presence of intracardiac devices [45].

In a recent systemic review and metanalysis of 752 patients with TVE by Luc and 
colleagues, tricuspid valvectomy was performed in 14%, while 86% underwent TV 
replacement. There was more prolonged duration of mechanical ventilation in the val-
vectomy group, but there was no significant difference in early mortality, right heart 
failure and recurrence of endocarditis between the two groups. The authors concluded 
that tricuspid valvectomy is an acceptable initial therapy in those with IVDA to help 
identify those who will self-select as candidates for later valve replacement [46].

12. Conclusions

TVE has several features that are unique in comparison to left-sided infec-
tion. These include the different population demographics, etiology of infection, 
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response to medical therapy and prognosis. High index of suspicion and use of 
appropriate imaging modalities facilitate early diagnosis and early initiation of 
appropriate therapy. Surgery remains indicated in those with failure to respond 
to medical therapy and in the presence of complications. The same principle of 
surgery for endocarditis apply which are adequate and thorough debridement of 
all infected materials and excision of all vegetations. Extraction of all associated 
infected cardiac devices is critical to ensure complete eradication of all sources of 
infection. Excision of the TV is associated with higher morbidity due to ongoing 
right heart failure, and TV repair is preferred over replacement if feasible. Debate 
remains ongoing in regard to offering surgery for those with recurrent infection and 
specifically IVDA.
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