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Preface

Cardiovascular disease continues to be the leading cause of morbidity and mortality 
in both developed and developing countries. Chest pain is one of the common 
and distressing presentations of cardiovascular disease. The number of patients 
presenting to emergency rooms or to their healthcare providers with chest pain 
is ever-growing and constitutes one of the most common reasons to seek medical 
help. Out of these patients with chest pain, cardiovascular cause constitutes about 
20% of the patients, and out of which only 5% is a truly acute life-threatening 
disease. Hence, it is very important to have a systematic approach to patients with 
chest pain. The clinical scenario is the most important factor to differentiate the 
various causes of chest pain so that these patients can be treated at the earliest to 
avoid a bad outcome. It also vital to diagnose non acute/non cardiac chest pains and 
decipher their etiology as these patients could be frequently visiting the health care 
providers without a proper diagnosis.

This book aims to provide an excellent overview of the differential diagnosis and 
approach to chest pain in various clinical settings. This book is divided into two 
sections including the introduction and approach to chest pain. Our introductory 
chapter starts with the basic principles of statistics and its application in various 
diagnostic modalities of heart disease. Our authors present a nice approach to 
patients presenting with chest pain in various scenarios. We have also included 
a chapter describing GERD, which could present as chest pain and another 
chapter describing aortic dissection, which is a life-threatening disease presenting 
with chest pain. We hope that this book will serve as an accessible handbook on 
differential diagnosis of chest pain.

I gratefully acknowledge the invaluable organizational skills of the publisher 
IntechOpen, timely, patient and invaluable assistance of Author Service Manager 
Ms. Dolores Kuzelj, designer, technical generators, information technology 
staff and finally the marketing representatives who are working constantly to 
promote the book on various platforms. I sincerely appreciate and applaud all 
the contributing authors for their excellence, hard work and commitment to 
the chapters. They have taken time from their personal and professional lives to 
complete this task. I thank them profusely for that.

This book is dedicated to my son Shawn who continues to inspire me, making my 
life blissful and giving me the confidence that every generation is better than the 
one before.

Umashankar Lakshmanadoss MD, CCDS, FHRS
Mercy Heart Institute,

Cincinnati, OH, USA
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Chapter 1

Introductory Chapter: The Patient 
Presenting with Chest Pain
John-Ross D. Clarke

1. Background

Chest pain is the principal reason for approximately 5% of the emergency 
department (ED) visits in the United States [1]. It is the most frequent reason 
for presentation to an emergency facility in men age 65 years and older. In some 
cohorts, chest pain accounts for up to 16% of ambulance transports and constitutes 
almost 30% of emergency admissions [2, 3]. In the primary care setting however, 
less than 1% of visits are for a chief complaint of chest pain [4].

Part of the significance of chest pain as a presenting symptom is its association 
with potentially life-threatening diagnoses such as: acute myocardial infarction 
(AMI), pulmonary embolism, and aortic dissection, among others. The challenge 
for the clinician is the accurate stratification of patients based on risk, and the 
efficient and cost-effective utilization of resources to establish a diagnosis. The 
first step in diagnosis is an informed history and physical examination- which is 
not without limitations even in the most experienced hands [5]. The sections that 
follow provide a brief insight into the scope of chest pain diagnoses and the value of 
clinical findings in establishing a diagnosis.

2. The differential diagnosis of chest pain

The differential diagnosis of a patient presenting with chest pain is extensive 
[6]. A systematic approach is therefore needed to (i) determine the likelihood of 
an immediately life-threatening cause, (ii) differentiate cardiac from noncardiac 
etiologies, and (iii) reduce over-diagnosis and thus overutilization of healthcare 
resources in the subsequent investigation. This approach not only increases the 
diagnostic accuracy and efficiency of workup, but also leads to better patient and 
clinician satisfaction [7].

There are innumerable ways of categorizing the differential diagnosis of chest 
pain. Potential categorization approaches are: (i) cardiac vs. noncardiac etiologies 
(ii) classifying based on symptom characteristics, (iii) by organ systems and (iv) 
anatomically (Figure 1). An anatomic approach allows for an exhaustive differential 
diagnosis but does have limitations in refinement based on pre-test  probability- 
this subsequent step requires the incorporation of other aspects of symptom 
 presentation [6].

A schema for classifying causes of chest pain anatomically includes structures 
from the skin to internal organs of the thorax and upper abdomen (Figure 1).
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3. The clinical value of the chest pain presentation

The clinical assessment of a patient presenting with chest pain has undergone 
extensive research, particularly in its ability to detect ischemic cardiac and other 
life-threatening causes, e.g., acute pulmonary embolism [5]. Due to the potential 
limitations of history and physical examination in certain settings, the inclusion of 
early diagnostic tools such as the electrocardiogram, or serum d-dimer, have been 
validated in many risk prediction models to aid the clinician in decision making [8].

In addition to the details of the chest pain history, the acuity and setting of patient 
presentation also provide valuable clues to the differential. The traditional life-
threatening conditions taught in medical training have been found to make up about 
5% of the chest pain diagnoses in ED visits [9]. Over 90% of these life-threatening 
diagnoses are due to acute coronary syndrome (ACS). In the primary care setting on 
the contrary, less than 2% of patients will end up having ACS [10]. Up to one-third of 
the causes for chest pain in ambulatory visits are due to chest wall-related pain [11, 12].

All the important considerations of chest pain details will not be covered here. 
Key qualifiers though are the location, quality, acuity, evolution, and the frequency 
of the pain; as well as a history of prior ischemic cardiac events (of similar or differ-
ing character). Additional information is needed on associated symptoms as well as 
aggravating and relieving factors [13]. This large volume of data can be synthesized 
into illness scripts to describe the most likely syndrome(s) accounting for the chest 
pain. This summative processing allows for further diagnostic refinement, espe-
cially when discordant information is present [14].

It is worth reiterating that the art of history taking is susceptible to misinterpre-
tation on the part of both the interviewer and the patient. Cognitive biases from the 
clinician and cultural differences in the understanding of certain descriptors means 
that interpretations should be restated and clarified throughout the history taking 
process [15].

Figure 1. 
An anatomic approach to the differential diagnosis of chest pain.
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3.1 Diagnostic accuracy of symptoms and signs in acute coronary syndromes

No single clinical symptom or sign can rule in or out the possibility of ACS or 
acute MI. However, a constellation of patient characteristics, clinical symptoms and 
signs can be used to determine the pretest likelihood with some diagnostic accuracy 
[16]. The traditional highest risk group has been patients of male gender, older than 
60 years, presenting with “pressure-type” chest pain radiating to the neck, shoulder 
or arm [17].

The traditional predictor of “pressure-like” symptoms has been noted to have 
only a likelihood ratio of between 1 and 2 in predicting AMI in patients presenting 
with chest pain. The use of “sharp” or “stabbing” to characterize symptoms more 
significantly decreases the likelihood of MI (LR− = 0.3) [18]. Descriptors associated 
with the diagnosis of AMI in decreasing order of likelihood are: (i) pain radiating 
to the right and left arm simultaneously (LR+ = 7.1), (ii) association with exertion 
(LR+ = 2.4), (iii) radiation to the left arm only (LR+ = 2.3) and (iv) association with 
diaphoresis (LR+ = 2.0). Conversely, symptoms associated with increasing likeli-
hood of the pain not being related to AMI are: (i) absence of an relation to exer-
tion (LR− = 0.8) and (ii) descriptors such as “pleuritic” or “positional variation” 
(LR− = 0.2 & 0.3 respectively) [5].

3.2  Diagnostic accuracy of symptoms and signs in noncardiac causes of  
chest pain

Once a cardiac etiology of chest pain is deemed to be unlikely, the diagnostic 
puzzle is in determining which of the many other differentials is most likely. 
Fortunately, similar to their cardiac counterparts, noncardiac etiologies have certain 
key features on both history of physical exam which can be used to streamline the 
diagnostic approach.

It was mentioned earlier that chest wall-related pain is the most common etiol-
ogy in some ambulatory settings. Four clinical symptoms/signs which are highly 
suggestive of a chest wall-related etiology are: localized muscle tension, “stinging” 
nature of the pain, reproducibility on palpation and an absence of cough [16]. The 
presence of at least two of these findings has a LR+ of 3.0.

No evidence-based clinical maneuvers exist to aid in the diagnosis of gastro-
esophageal reflux disease (GERD) [10]. Common associated complaints are “burn-
ing” retrosternal discomfort, regurgitation of gastric contents and a bitter taste in 
the mouth [19]. One approach which is supported by evidence, is the response of 
symptoms to a one-week trial of proton pump inhibitors (LR+ = 3.1; LR− = 0.3) [20].

Other less common causes of chest pain such as pneumonia, pulmonary embo-
lism and acute thoracic dissection can be suspected based on history but cannot 
be ruled in or out without the support of definitive testing. Features such as fever, 
cough and pleurisy (with suggestive examination findings), have a performance of 
LR+ = 2.0; LR− = 0.24 for the diagnosis of pneumonia [21]. Validated clinical deci-
sion tools, such as Well’s criteria, guide further testing when a pulmonary embolism 
is suspected [22]. Finally, although acute chest pain and/or back pain with an upper 
extremity pulse differential can help with risk stratification for the likelihood of an 
acute thoracic aortic dissection (LR+ = 5.3), definitive imaging is required [23].

4. Outcomes and implications of patients presenting with chest pain

Half of the chest pain presentations to the ED are left unspecified [9]. The 
majority of these end up being noncardiac etiologies when they are followed up 
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in the primary care setting. In patients presenting to the ambulatory setting for 
the first time with chest pain, etiologies such as angina, AMI, musculoskeletal 
pain or GERD can be diagnosed at the first consultation. However, the incidence 
of chest pain going unspecified remains about 15 per 1000 person-years [24]. 
Approximately 2–10% of these individuals will go on to have cardiovascular disease 
as the cause of their symptoms [25]. A definitive diagnosis is most often made by 
12 weeks of follow-up- if not within the first year. During this time period though, 
patients are likely to have: (i) seen their physician on up to three separate occasions, 
(ii) been referred to a specialist or (iii) hospitalized [24]. This time course leads to 
both clinician and patient anxiety, and can negatively impact quality of life [26].

One of the feared outcomes in patients presenting to an ED with chest pain, is 
the inadvertent discharge of someone with ACS. Older estimates suggested rates of 
this could be as high as 2% [27]. Thankfully, with the advent of newer diagnostic 
modalities, risk scores and investigative protocols, the risk of this outcome is likely 
to continue to decline [28]. An effort to mitigate this risk must be balanced against 
the costly and potentially harmful consequences of unnecessary hospitalization or 
extensive workup [28]. The fear of missing a potentially life-threatening diagnosis 
like ACS is no less apparent with ambulatory contact [29].

5. Conclusions

Chest pain is a common reason for hospital admission. Most patients who pres-
ent to either an emergency department or primary care clinic will end up having a 
noncardiac cause of their symptoms. However, due to the poor outcomes associated 
with cardiovascular etiologies, significant healthcare resources are used in ruling 
in or out ischemic cardiac causes; when an alternative is not obvious. For these 
reasons, it is prudent that we continue to develop systems to efficiently differentiate 
between the many causes of chest pain.
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in the primary care setting. In patients presenting to the ambulatory setting for 
the first time with chest pain, etiologies such as angina, AMI, musculoskeletal 
pain or GERD can be diagnosed at the first consultation. However, the incidence 
of chest pain going unspecified remains about 15 per 1000 person-years [24]. 
Approximately 2–10% of these individuals will go on to have cardiovascular disease 
as the cause of their symptoms [25]. A definitive diagnosis is most often made by 
12 weeks of follow-up- if not within the first year. During this time period though, 
patients are likely to have: (i) seen their physician on up to three separate occasions, 
(ii) been referred to a specialist or (iii) hospitalized [24]. This time course leads to 
both clinician and patient anxiety, and can negatively impact quality of life [26].

One of the feared outcomes in patients presenting to an ED with chest pain, is 
the inadvertent discharge of someone with ACS. Older estimates suggested rates of 
this could be as high as 2% [27]. Thankfully, with the advent of newer diagnostic 
modalities, risk scores and investigative protocols, the risk of this outcome is likely 
to continue to decline [28]. An effort to mitigate this risk must be balanced against 
the costly and potentially harmful consequences of unnecessary hospitalization or 
extensive workup [28]. The fear of missing a potentially life-threatening diagnosis 
like ACS is no less apparent with ambulatory contact [29].

5. Conclusions

Chest pain is a common reason for hospital admission. Most patients who pres-
ent to either an emergency department or primary care clinic will end up having a 
noncardiac cause of their symptoms. However, due to the poor outcomes associated 
with cardiovascular etiologies, significant healthcare resources are used in ruling 
in or out ischemic cardiac causes; when an alternative is not obvious. For these 
reasons, it is prudent that we continue to develop systems to efficiently differentiate 
between the many causes of chest pain.
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Chapter 2

Application of Bayesian Principles 
to the Evaluation of Coronary 
Artery Disease in the Modern Era
John-Ross D. Clarke and Gilead I. Lancaster

Abstract

The number of testing modalities available for the diagnosis of significant 
coronary artery disease has grown over the last few decades. Inappropriate uti-
lization of these tests often leads to: (i) further investigation, (ii) physician and 
patient uncertainty, (iii) harm and poor outcomes, and (iv) increase in health 
care costs. An informed approach to the evaluation of the patients with stable 
ischemic chest pain can lead to efficient use of resources and better outcomes. 
Throughout the course of this chapter, we will explain how the applications of 
age-old statistical principles are still relevant in this modern era of technological 
advancement.

Keywords: Bayes’ theorem, coronary artery disease, ischemic heart disease, 
appropriate use criteria

1. Introduction

Cardiovascular diseases (CVDs) remain a leading cause of death across the 
world [1]. Ischemic heart disease (IHD) is one of the largest contributors to these 
deaths both globally and in the United States of America [2] and contributes to 
years of productivity loss due to complications from disease sequelae. These include 
non-fatal myocardial infarction, stable angina pectoris and symptomatic ischemic 
cardiomyopathy. Although the number of deaths resulting from fatal MI has been 
decreasing, the number of quality years lost from IHD complications has been 
increasing [3]. The decrease in mortality is largely due to interventions for the 
management of acute coronary syndromes (ACS) and early percutaneous coronary 
intervention (PCI) for ST-segment elevation MI [4, 5].

There are a variety of scoring systems/tools which have been used to predict 
(with varying degrees of success), which patients are likely to have obstructive 
coronary artery disease as a cause of their chest pain [6].

The most frequently used clinical decision making tool to decide the likelihood 
of CAD on the basis of patient characteristics, is the Diamond-Forrester classifica-
tion [7]. It is derived from the application of Bayesian principles [8] and has formed 
the backbone of many of the guideline statements for the management of patients 
with suspected stable ischemic heart disease [9, 10].

Due to the limitations of the history and physical examination in determin-
ing the likelihood of disease, clinicians have utilized various testing modalities 
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to further increase certainty. Evaluation of chest pain has been no different. The 
number of available testing strategies has increased over the last few decades, and 
the technologies underlying these tests are constantly being refined. Despite the 
growing number of options, many clinicians remain unsure how to utilize these 
modalities [5, 11]. The increasing utilization of these tests often leads to: (i) further 
investigation, (ii) physician and patient uncertainty/anxiety [12], (iii) harm and 
(iv) increase in health care costs.

We aim to cover the following in our chapter review:

i. Briefly simplify the principles of Bayes’ theorem. Give a brief overview of 
the concepts of how the post-test probability of disease varies based on pre-
test likelihood and test characteristics.

ii. Review key stratification methods for the likelihood of significant CAD.

iii. Outline the test characteristics of the main functional and anatomic imaging 
modalities used in chest pain evaluation based on available evidence.

iv. Use practical examples to show how the use of low sensitivity/specificity 
testing in varying patient groups can lead to post-test uncertainty and the 
need for further testing.

v. Explain how many of the currently available appropriate use criteria guiding 
testing, conflict with Bayesian principles.

Bayes’ theorem has been previously applied in many clinical scenarios, includ-
ing the evaluation of chest pain [13–16]. This chapter will neither be burdened 
with complex statistical formulas nor difficult to follow calculations. Rather, it 
will provide a practical approach to decision making and dealing with diagnostic 
uncertainty in patients with stable chest pain. Though many of the concepts 
expressed here are not original to the authors, we hope that this review will provide 
a comprehensive approach to testing—considering patient outcomes and resource 
utilization. The almost three century old principles of the Bayesian approach to 
decision making are just as relevant today with the growing technological advance-
ments in the new era of precision medicine.

2. Bayesian approaches in clinical decision making

2.1 Clinicians and statistics

Health-care professionals at all levels of training and expertise often struggle 
with conceptualizing many statistical and probability ideas [17, 18]. Even for the 
most experienced mathematicians, the complex calculations involved in large deci-
sion making scenarios using Bayesian approaches are hard to comprehend, far less 
compute [13].

To follow Bayesian approaches in clinical decision making, it does require the 
understanding of some key statistical concepts. We hope to present this in an easy to 
follow format that is based in evidence [19].

The widely referenced Harvard Medical School cognitive experiment (see 
Appendix A) (and the research which followed) has provided much useful insight 
into how we approach probability testing. Two of these insights are:

13

Application of Bayesian Principles to the Evaluation of Coronary Artery Disease...
DOI: http://dx.doi.org/10.5772/intechopen.89440

i. Medical professionals often fall victim to what is referred to as the “base-rate 
neglect” fallacy. Here-in they place unwarranted reliability to the outcome of a 
test—positive or negative, ignoring the relevance of prevalence in the population.

Stated differently: A positive test result for a rare disease is more likely to be 
a false positive, regardless of how well the test can detect the presence of disease 
(sensitivity). The converse is also true, that a negative test result in a population in 
which there is a very high prevalence, is more likely to be a false negative.

ii. When results are presented as frequencies rather than probabilities, they are 
easier to follow. Take this example from Fenton and colleagues [13]:

1. Out of 1 million people 1000 are likely to die from treatment A, but only 
10 are likely to die from treatment B.

Instead of:

2. The probability of dying from treatment A is 0.001, but the probability 
of dying from treatment B is 0.00001.

Before applying Bayes’ theorem to the evaluation of chest pain, we will review 
some of the key statistical and probability concepts necessary to gain an under-
standing of Bayesian approaches.

2.2 The characteristics of diagnostic tests

There are a few characteristics of diagnostic tests which are paramount to the 
understanding and use of Bayesian arguments. These include sensitivity, specificity, 
positive predictive value, negative predictive value and likelihood ratios. There are 
many factors which influence the reliability or these values.

Sensitivity and specificity are often explained in complex statistical terminol-
ogy, however, they can be defined very simply:

• Sensitivity (Sens.): The ability to pick up disease when disease is present

• Specificity (Spec.): The ability to rule out disease when there is no disease

Let us use the example of a hypothetical test designed to detect patients with 
CAD called ‘CAD Finder’. We have two Groups of patients, Groups A and B 
(Figure 1). The 100 patients in Group A have proven CAD and the 100 in Group B 
are proven to be without CAD. To measure the sensitivity of the ‘CAD Finder’ we 
use it on patients in Group A and see how many have a positive result (93%). This 
is the sensitivity of the ‘CAD Finder’ for picking up CAD. To measure specificity, 
we perform the ‘CAD Finder’ on Group B and see how many have a negative result 
(80%). This would be the specificity for the ‘CAD Finder’ for ruling out CAD. It 
should also be noticed that, 7 out of 100 patients with CAD will falsely test negative 
and 20 out of 100 without CAD will get a false positive result.

The sensitivity and specificity of any test or maneuver are usually compared to 
a “gold-standard” test. In the case of suspected coronary artery disease, that test is 
invasive coronary angiography.

In clinical practice, it is often more helpful to gauge the performance of a test 
based on the prevalence of the disease of interest. This introduces the concepts of 
positive and negative predictive value [15].
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The sensitivity and specificity of any test or maneuver are usually compared to 
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• Positive predictive value (PPV): The ability of a test to be positive when 
disease truly is present.

• Negative predictive value (NPV): The ability of a test to be negative when 
disease truly is absent.

PPV and NPV vary inversely with the prevalence of a disease in a population. 
The relevance of this becomes apparent when tests which have been “studied” in 
a subgroup are applied in another population with different characteristics and 
disease prevalence. This brings us to our final concept worth defining:

• Likelihood ratios: “the likelihood that a given test result would be expected 
in a patient with the target disorder compared to the likelihood that that same 
result would be expected in a patient without the target disorder.” [20]

Using the formula:

LR+ = sensitivity/(1-specificity).

2.3  The importance of disease prevalence, population characteristics and cut-
off values

The reliability of a test is dependent on the prevalence of the disease of interest 
in the population in which it is studied. Bayesian methods allow us to apply known 
test characteristics to any population, once the population characteristics and 
prevalence of disease is known.

We will illustrate the outcomes when the same hypothetical test ‘CAD Finder’ 
is used in two different populations: (i) male Olympic sprinters (Table 1) and (ii) 
male elderly veterans (Table 2). Continuing with our hypothetical exercise, it is 
noted that our ‘CAD Finder’ is best at differentiating between ‘disease’ and ‘no 
disease’.

Let us say that in a population of male Olympic sprinters, 5% have significant CAD 
and 95% were without. At the cut-off point for a positive result—93% of the ‘Significant 
CAD’ disease group would test positive (true positive) but 20% of the ‘No CAD’ group 
would also test positive (false positive). If the CAD Finder is used on a population of 
10,000 similar Olympic sprinters, the outcomes would be as shown in Table 1.

Figure 1. 
Percentage of persons classified with and without CAD by the CAD finder.
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2.3.1 Performance of the ‘CAD finder’ in detecting significant CAD

When our ‘CAD Finder’ is used on our population of 10,000 Olympic sprinters, 
2365 would test positive. However, only 465 out of those 2365 (20%) truly have 
significant CAD. This means that 1900 athletes will be false positives.

Rule 1. If a disease is uncommon in a population (i.e.) low prevalence—in this 
case 5% prevalence, any positives are more likely to be false positives.

In the population of male elderly veterans 95% have significant CAD and 5% 
are without disease. The outcomes of the ‘CAD Finder’ on a population of 10,000 
similar male veterans would be depicted below in Table 2.

Out of the 1065 veterans who test negative for CAD, 665 (62%) actually have 
significant CAD. This is a large proportion of false negative results. Compare that 
to the population of Olympic sprinters where 35 out of the 7635 negative test results 
(<1%) are false negatives.

Rule 2. If a disease is highly prevalent in a population, in this case 95%, any 
negatives are more likely to be false negatives.

2.3.2 Performance of the ‘CAD finder’ in detecting persons without CAD

Since 95% of the population of athletes (9500) are truly without significant 
CAD, in the absence of any testing at all, if you told a patient in this population, 
they were without disease you would be correct most of the time. However, if we 
relied on our ‘CAD Finder’, our ability to detect athletes without CAD decreases 
from 95 to 76.3% (7635 of our Olympic sprinters test negative).

Table 2. 
Number of persons classified with ‘significant CAD’ and ‘No CAD’ by a CAD finder test among a population 
of male veterans (high prevalence population) (80% True Negatives (400); 7% False Negatives (665)).

Table 1. 
Number of persons classified with ‘significant CAD’ and ‘No CAD’ by a CAD Finder Test among a population 
of male Olympic sprinters (low prevalence population) (93% True Positives (465); 20% False Positives 
(1900)).
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This illustrates that in this population of Olympic sprinters, our CAD Finder 
test performs very unreliably despite its good characteristics (Sensitivity 93%, 
Specificity 80%).

Rule 3. A test is unreliable in picking up disease when the prevalence of disease 
in the population is less than the value of the ‘false positive rate/true positive rate’.

In our above example with the ‘CAD Finder’, the false positive/true positive 
rate = 20/93; =21%.

2.4 The Bayesian method

2.4.1 What is Bayes’ theorem

Bayes’ theorem (or more accurately Bayes’ Rule) [21] was first described 
by the 18th century Episcopal minister Thomas Bayes in an essay published in 
the Philosophical Transactions of the Royal Society of London in 1764, in which he 
describes solving a complex problem of chances involving billiard balls [22]. Since 
Bayes’ theorem was first theorized, it has been expressed in a variety of ways. We 
will use three [3] formats that are relevant to our discussion.

In mathematical terms, Bayes’ theorem is expressed as follows:

  Pr  (A | X)  =   Pr  (X | A)  Pr  (A)   ___________________________   
Pr  (X | A)  Pr  (A)  + Pr  (X | ~A)  Pr  (~A) 

     

In this formula Pr(A|X) is the chance of having disease (A) given a positive test 
(X); Pr(X|A) is the chance of a positive test (X) given the presence of disease (A); 
Pr(A) is the pretest probability of the disease; Pr(~A) is the pretest probability of 
not having disease and Pr(X|~A) is the chance of a positive test (X) even if there is 
no disease (~A).

In plain English, Bayes’ theorem states: “The probability of having a disease 
based on a selected test (after the test is done), is related to the pre-test probability 
that the patient has the disease (or its prevalence) and the test’s sensitivity and 
specificity.”

In diagrammatic form (Figure 2), the posttest probability is proportional to the 
pretest probability times the likelihood of the disease in the population. This gener-
ates the simplest representation of Bayesian statistics:

3. Practical use of Bayesian principles in cardiovascular testing

Given that accurate application of Bayes’ statistics relies on the updating of 
probabilities (based on the acquisition of new evidence)—it is obvious then that 
any recommendations stated hereafter are as current as the present medical knowl-
edge and is influenced by the writers. Our aim therefore is not to provide guidelines 

Figure 2. 
Processing information using Bayes’ theorem.
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on the evaluation of patients with stable chest pain, but to convey a sense of comfort 
with using these tools, to allow the reader to generate their own informed approach 
to patient care.

There are generally two aims of performing cardiac testing in patients with 
stable chest pain (i) to determine which patients are likely to have obstructive CAD 
and (ii) to predict outcome or prognosis. In our discussion that follows, we will 
review how current testing modalities achieve either or both targets.

3.1 Determining pre-test probability in patients with stable chest pain

There are many factors which must be accounted for by the clinician when 
determining the pre-test probability of a patient (without known CAD) having 
coronary artery disease as a cause of their chest pain. These include history, patient 
characteristics, physical examination findings, physician experience, bias/heuris-
tics among others. Approaches to rule-out other cardiac and non-cardiac causes will 
not be covered here.

We will focus on only one approach (Diamond-Forrester classification) to the 
generation of pre-test probability data [7], see Tables 3 and 4. This risk prediction 
model was generated through Bayesian statistics. Other scoring methods include the 
Goldman Reilly criteria (Goldstein), Thrombolysis in Myocardial Infarction (TIMI) 
risk score and the Morise Score [23]. Although it was developed over three decades 
ago, the Diamond-Forrester classification has been validated in modern populations 
[24]. The Diamond-Forrester classification stratifies patient pretest probability on 
the basis of three clinical variables: age, gender and chest pain characteristics. It 
allows clinicians to stratify patients along a spectrum of pretest likelihoods from 2 
to 94%. For simplicity, many guideline groups have chosen to categorize patients 
in groups of very low, low, intermediate and high pretest probability (see Table 4). 
This classification of pretest probability (very low, low, intermediate and high) will 
form our basis of using Bayesian methods to select testing in patients.

3.2 Testing modalities for the evaluation of stable chest pain

The tests available for the evaluation of patients with stable chest pain can 
be divided into functional or anatomic. This is based on the type of information 
provided. The list of functional tests includes exercise ECG, stress echocardiogram, 
myocardial perfusion imaging (single-photon emission tomography (SPECT) and 
positron emission tomography (PET)) and stress MRI. The list of anatomic tests 
includes coronary CT angiography and coronary artery calcium scoring and the 
gold standard test-cardiac catheterization.

In Table 5, we have included the characteristics of the testing modalities we will 
reference throughout this chapter [23]. Please note that for each testing modality in 
Table 5, two values are reported for each test characteristic (sensitivity, specificity etc.) 

Table 3. 
Pretest likelihood of CAD in Symptomatic patients according to age and sex (combined Diamond/Forrester 
and CASS Data) [9].
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These values are based on the test’s performance when used in the overall population 
vs. in patients with suspected CAD. We already know from Bayesian principles that this 
difference is based on varying prevalence of disease in these two groups.

One important limitation of the available data is that there are no head-to-head 
trials comparing the test performance of many of the pharmacological or exercise 
testing modalities—using cardiac catheterization as a reference. Current data is 
limited to small samples sizes and the use of old techniques/technologies.

3.3 Noninvasive functional tests

It is important to make the distinction between exercise testing and ‘stress test-
ing’ which are often used synonymously. ‘Stress testing’ refers to any pharmacologi-
cal or exercise testing modality which imposes a stress on the cardiovascular system 
[25]. Many of these alternative forms of ‘stress testing’ modalities will be covered in 
the following subsections.

3.3.1 Exercise ECG

Exercise ECG testing is often the first used testing modality in the workup 
of stable chest pain [11]. It has been around for several decades and has been 
studied in many clinical scenarios. Unfortunately, it has an intermediate sensi-
tivity and specificity for the detection of CAD. Exercise testing is based on the 
premise of monitoring the cardiovascular system’s response to physiological 
stress. This is to determine clinical signs and symptoms which would not be 
present at rest.

Table 5. 
Summary of diagnostic accuracy of noninvasive tests compared with invasive coronary angiography [23].

Table 4. 
Diamond and Forrester pre-test probability of coronary artery disease by age, sex and symptoms [11].
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Exercise testing in the lab uses dynamic testing principles because (i) it can be 
graduated and (ii) it places a volume stress on the heart [25].

There are various exercise protocols available for laboratory exercise testing. The 
Bruce Protocol is most commonly used [26]. Regardless of the protocol, exercise 
capacity is graduated and measured at various “stages”. This is based on the physi-
ological principle that at a given intensity of activity, the parameters of heart rate, 
blood pressure, and cardiac output are relatively constant [27]. The quantity of 
oxygen transported and utilized in cellular metabolism is measured as V02max, 
which will be discussed in more detail later [28]. A second measurement parameter 
of oxygen utilization is myocardial oxygen uptake or Mo2. In clinical scenarios Mo2 
is estimated by the product of heart rate and systolic blood pressure (rate-pressure 
product). In healthy myocardium, there is a linear relationship between Mo2 and 
coronary vessel blood flow [25].

However, if there is either an obstruction to flow or reduction in myocardial 
cell uptake of oxygen (as in ischemia), then the Mo2 in the region will be reduced. 
The implications of this are that if there is a coronary obstruction, a point will be 
reached where there is supply/demand mismatch and signs and symptoms of isch-
emia will occur. Regardless of the form of physical activity, for any given coronary 
obstruction, angina usually occurs at the same rate-pressure product.

The rate of oxygen uptake by healthy tissue will increase with increasing 
demand until it reaches a maximal level of oxygen extraction. This is termed 
the V02max, and varies with age (and to a lesser degree with gender). It has been 
observed that increasing V02 during exercise has a linear relationship with heart 
rate until it reaches the V02max plateau. At this point, the heart rate may continue to 
increase as myocardial energy generation reverts to anaerobic metabolism. This, in 
turn, may cause signs and symptoms of ischemia, which in turn may cause a ‘false 
positive’ finding for ischemia.

Most labs use the formula, 220-Age (for either gender) to calculate a Maximal 
Predicted Heart Rate (MPHR) as a surrogate for V02max. Target heart rates for 
exercise testing are then usually set at 85–100% of MPHR. In the absence of symp-
toms, ECG changes (or any other reasons to stop the test early), the test is routinely 
stopped when the MPHR is achieved. It is therefore important to recognize that 
exercise stress tests can have a false-negative if the level of exercise does not reach 
the target but may become false-positive if it reaches above the maximum.

In general, the two common exercise methods used are either the treadmill or 
cycle ergometer. End points for exercise include: achievement of target heart rate, 
fatigue, symptoms (such as chest pain or dyspnea), significant ECG changes (such 
as ST segment depressions or elevations), significant dysrhythmias, drop of systolic 
blood pressure (usually >10 mmHg), patient request or inability to continue.

The diagnosis of ischemia is usually made from chest pains and/or development 
of horizontal or down-sloping ST segment deviations of ≥1 mm during exercise 
or the recovery period. Other ECG criteria, such as the development of a bundle 
branch block (especially LBBB) may suggest ischemia (but are less sensitive).

In addition to evaluation for ischemia, the exertional capacity and hemody-
namic responses to stress testing have additional prognostic value [26]. One of the 
more popular ways to evaluate this is with the Duke Treadmill Score (DTS), which 
incorporates exertional capacity, ECG changes and symptom onset (Exercise minutes 
(Bruce) − (ST deviation in mm X 5) − (angina index X 4)) [29].

There are several limitations to standard exercise stress testing. Firstly, it is lim-
ited by a patient’s ability to exercise and achieve the target heart rate. Additionally, 
any baseline ECG abnormalities, such as left bundle branch block, left ventricular 
hypertrophy with repolarization abnormalities, ST segment depression and ventric-
ular pre-excitation, further reduces the test’s specificity and even sensitivity [26].
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of horizontal or down-sloping ST segment deviations of ≥1 mm during exercise 
or the recovery period. Other ECG criteria, such as the development of a bundle 
branch block (especially LBBB) may suggest ischemia (but are less sensitive).

In addition to evaluation for ischemia, the exertional capacity and hemody-
namic responses to stress testing have additional prognostic value [26]. One of the 
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There are several limitations to standard exercise stress testing. Firstly, it is lim-
ited by a patient’s ability to exercise and achieve the target heart rate. Additionally, 
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The use of image testing as an adjunct to exercise testing, improves both sen-
sitivity and specificity. Imaging with the use of pharmacologic agents can also be 
useful in patients who cannot ambulate or have baseline ECG abnormalities limiting 
interpretation. Currently, the most commonly used stress imaging modalities are 
echocardiography and nuclear imaging.

3.3.2 Stress echocardiography

Stress echocardiography (SE) is reliant on the identification of wall motion and 
wall thickening abnormalities. Generally, patients undergo echo acquisitions prior 
to exercise and immediately after exercise (or, in patients who exercise on supine 
bicycles, at peak exercise). The images are compared between rest and stress for 
changes in wall motion, wall thickening and left ventricular sized and function. 
Sensitivities for SE are about 88%, with a specificity of 89%.

The major advantages of SE are availability, absence of radiation exposure and 
cost. However, it has been reported to have lower sensitivity than radionuclide 
imaging, especially in single vessel disease detection [30]. It is also operator depen-
dent and image quality is limited by patient characteristics (e.g. COPD and obesity). 
When used with exercise testing, it is limited by the patient’s ability to get into posi-
tion for scanning quickly after peak exercise (typically, the patient must get off the 
treadmill, get in the correct position on the bed and the sonographer must acquire 
good images in four different views—all within 1 min).

For patients who cannot walk, dobutamine stress echocardiography (DSE) 
has been shown to offer similar sensitivity and specificity to SE for the detection 
of obstructive CAD. However, because it does not involve exercise, the additional 
prognostic data offered by exercise protocols (e.g. using the Duke Treadmill Score) 
are not available with DSE.

3.3.3 Nuclear imaging testing

There are two forms of radionuclide imaging modalities currently available for 
chest pain evaluation: single-photon emission tomography (SPECT) and positron 
emission tomography (PET). Both rely on the use of radiotracer isotopes to detect 
areas of ischemia or infarct. There are two types of SPECT radiotracers commonly 
used in clinical settings: technetium (Tc-99m)-labeled tracers and thallium (Tl-
201). PET imaging uses the more high-energy rubidium (Rb)-82 radiotracer. The 
physical and physiological principles behind how radiotracers elements are used to 
evaluate for CAD is beyond the scope of this chapter. We will focus on the perfor-
mance characteristics of both nuclear tests and a few pertinent advantages and 
disadvantages.

3.3.3.1 SPECT

SPECT imaging can be used in conjunction with exercise or pharmacologic 
agents to assess for CAD. When SPECT is used with exercise protocols, it provides 
similar functional capacity and ECG data as exercise ECG, with the added sensitiv-
ity and specificity provided by imaging. It is the more commonly used and more 
readily available of the radionuclide modalities.

Pharmacologic stress images are most commonly obtained with vasodilat-
ing agents (adenosine, dipyridamole and regadenoson). The vasodilating agents 
either differently or indirectly stimulate the A2A (adenosine) receptors leading to 
coronary arteriolar vasodilation. Vasodilating agents are suitable for use in patients 
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who cannot exercise, where significant increases in heart rate are not desired (e.g. 
patients with permanent pacemaker devices or left bundle branch block) or patients 
who have had recent acute coronary syndromes. Sensitivity and specificities for 
these are between 83–84% and 79–85% respectively.

SPECT is a great alternative to stress echocardiography, when patient’s char-
acteristics prevent good imaging windows [30, 31]. It has a number of important 
limitations. Since it is dependent on radiotracer delivery to tissue, in patients with 
equally compromised flow in all coronary vessels (triple vessel disease), there is 
risk for a false negative study—due to so-called ‘balanced ischemia’. Soft tissue and 
uptake by other organs (e.g.) gallbladder can also limit image quality and often 
cause false positive findings [23].

3.3.3.2 PET

PET imaging uses the more high-energy rubidium (Rb)-82 radiotracer. This 
allows for less displacement by soft tissue and potentially fewer false positives. PET 
has the additional advantage of being combined with CT imaging. This allows for 
soft-tissue attenuation correction (to reduce false positives) and assessment of 
coronary artery calcium (which will be discussed later).

The major disadvantage of PET is the shorter half-life of radiotracer and its cost. 
As a result, its availability is limited.

3.4 Noninvasive anatomic tests

3.4.1 Coronary CT angiography (CCTA)

Coronary CT angiography allows for non-invasive assessment of coronary artery 
disease [32]. Intravenous contrast agents within the lumen of coronary vessels 
facilitate visual calculation of obstruction/stenosis. Newer CT techniques use a 
64-multislide (or better) acquisition hardware to obtain images. Available post-
processing software packages further refine images.

The definition of ‘significant coronary artery disease’ (CAD) with CT coronary 
angiography is ≥70% diameter stenosis of at least one major epicardial artery seg-
ment or ≥50% diameter stenosis in the left main coronary artery [33]. The presence 
of collateral coronary supply as well as low at-risk myocardium can render high 
degree stenotic lesions asymptomatic. For this reason, the degree of CAD obstruc-
tion correlates poorly with symptoms and limits its usefulness for determining the 
cause of chest pain.

The presence of coronary calcium causes artifacts during imaging that may 
obscure the coronary lumen. For this reason, CCTA is often combined with assess-
ment of coronary calcium to make predictions about outcomes or prognosis [34]. 
Novel techniques such as fractional flow reserve derived from CT (FFRCT) are being 
used to determine whether stenotic lesions are physiologically significant [35]. 
FFRCT is beyond the scope of discussion here.

Although CCTA allows for rapid imagining, it has limited utility in patients 
with rapid heart rates, arrhythmias, renal impairment. It also carries radiation 
exposure risk.

3.4.2 Coronary artery calcium scoring (CACS)

CACS is obtained using non-contrast CT scanning. Post-processing algorithms 
are used to quantify the degree of coronary vessel calcification. The three most 



Differential Diagnosis of Chest Pain

20

The use of image testing as an adjunct to exercise testing, improves both sen-
sitivity and specificity. Imaging with the use of pharmacologic agents can also be 
useful in patients who cannot ambulate or have baseline ECG abnormalities limiting 
interpretation. Currently, the most commonly used stress imaging modalities are 
echocardiography and nuclear imaging.

3.3.2 Stress echocardiography

Stress echocardiography (SE) is reliant on the identification of wall motion and 
wall thickening abnormalities. Generally, patients undergo echo acquisitions prior 
to exercise and immediately after exercise (or, in patients who exercise on supine 
bicycles, at peak exercise). The images are compared between rest and stress for 
changes in wall motion, wall thickening and left ventricular sized and function. 
Sensitivities for SE are about 88%, with a specificity of 89%.

The major advantages of SE are availability, absence of radiation exposure and 
cost. However, it has been reported to have lower sensitivity than radionuclide 
imaging, especially in single vessel disease detection [30]. It is also operator depen-
dent and image quality is limited by patient characteristics (e.g. COPD and obesity). 
When used with exercise testing, it is limited by the patient’s ability to get into posi-
tion for scanning quickly after peak exercise (typically, the patient must get off the 
treadmill, get in the correct position on the bed and the sonographer must acquire 
good images in four different views—all within 1 min).

For patients who cannot walk, dobutamine stress echocardiography (DSE) 
has been shown to offer similar sensitivity and specificity to SE for the detection 
of obstructive CAD. However, because it does not involve exercise, the additional 
prognostic data offered by exercise protocols (e.g. using the Duke Treadmill Score) 
are not available with DSE.

3.3.3 Nuclear imaging testing

There are two forms of radionuclide imaging modalities currently available for 
chest pain evaluation: single-photon emission tomography (SPECT) and positron 
emission tomography (PET). Both rely on the use of radiotracer isotopes to detect 
areas of ischemia or infarct. There are two types of SPECT radiotracers commonly 
used in clinical settings: technetium (Tc-99m)-labeled tracers and thallium (Tl-
201). PET imaging uses the more high-energy rubidium (Rb)-82 radiotracer. The 
physical and physiological principles behind how radiotracers elements are used to 
evaluate for CAD is beyond the scope of this chapter. We will focus on the perfor-
mance characteristics of both nuclear tests and a few pertinent advantages and 
disadvantages.

3.3.3.1 SPECT

SPECT imaging can be used in conjunction with exercise or pharmacologic 
agents to assess for CAD. When SPECT is used with exercise protocols, it provides 
similar functional capacity and ECG data as exercise ECG, with the added sensitiv-
ity and specificity provided by imaging. It is the more commonly used and more 
readily available of the radionuclide modalities.

Pharmacologic stress images are most commonly obtained with vasodilat-
ing agents (adenosine, dipyridamole and regadenoson). The vasodilating agents 
either differently or indirectly stimulate the A2A (adenosine) receptors leading to 
coronary arteriolar vasodilation. Vasodilating agents are suitable for use in patients 

21

Application of Bayesian Principles to the Evaluation of Coronary Artery Disease...
DOI: http://dx.doi.org/10.5772/intechopen.89440

who cannot exercise, where significant increases in heart rate are not desired (e.g. 
patients with permanent pacemaker devices or left bundle branch block) or patients 
who have had recent acute coronary syndromes. Sensitivity and specificities for 
these are between 83–84% and 79–85% respectively.

SPECT is a great alternative to stress echocardiography, when patient’s char-
acteristics prevent good imaging windows [30, 31]. It has a number of important 
limitations. Since it is dependent on radiotracer delivery to tissue, in patients with 
equally compromised flow in all coronary vessels (triple vessel disease), there is 
risk for a false negative study—due to so-called ‘balanced ischemia’. Soft tissue and 
uptake by other organs (e.g.) gallbladder can also limit image quality and often 
cause false positive findings [23].

3.3.3.2 PET

PET imaging uses the more high-energy rubidium (Rb)-82 radiotracer. This 
allows for less displacement by soft tissue and potentially fewer false positives. PET 
has the additional advantage of being combined with CT imaging. This allows for 
soft-tissue attenuation correction (to reduce false positives) and assessment of 
coronary artery calcium (which will be discussed later).

The major disadvantage of PET is the shorter half-life of radiotracer and its cost. 
As a result, its availability is limited.

3.4 Noninvasive anatomic tests

3.4.1 Coronary CT angiography (CCTA)

Coronary CT angiography allows for non-invasive assessment of coronary artery 
disease [32]. Intravenous contrast agents within the lumen of coronary vessels 
facilitate visual calculation of obstruction/stenosis. Newer CT techniques use a 
64-multislide (or better) acquisition hardware to obtain images. Available post-
processing software packages further refine images.

The definition of ‘significant coronary artery disease’ (CAD) with CT coronary 
angiography is ≥70% diameter stenosis of at least one major epicardial artery seg-
ment or ≥50% diameter stenosis in the left main coronary artery [33]. The presence 
of collateral coronary supply as well as low at-risk myocardium can render high 
degree stenotic lesions asymptomatic. For this reason, the degree of CAD obstruc-
tion correlates poorly with symptoms and limits its usefulness for determining the 
cause of chest pain.

The presence of coronary calcium causes artifacts during imaging that may 
obscure the coronary lumen. For this reason, CCTA is often combined with assess-
ment of coronary calcium to make predictions about outcomes or prognosis [34]. 
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common scoring methods are Agatston, volume and mass. CAC scoring has been in 
formal use since 1990 [36]. Although traditionally it has been recommended for use 
in asymptomatic patients, it has been shown to provide similar predictive reliability 
as functional testing, especially when used with other CT modalities [37].

Evidence suggests that a positive CAC is more sensitive than functional testing at 
predicting MACE. Alternatively, an abnormal functional test result is more specific. 
Increasing the cut-off point of a ‘positive’ CAC improves specificity at the expense 
of sensitivity [38]. This is a consequence of the Bayesian principles we discussed. 
However, it has little usefulness in determining the cause of chest pain.

3.5 Bayesian approach to test selection

Using the Diamond-Forrester classification, there are three broad categories 
of patients with stable chest pain that a clinician will likely encounter. These are 
grouped as ‘low pretest probability—5%’, ‘intermediate pre-test probability—
approx. 50%’ and ‘high pre-test probability—95%’. In the following three subsec-
tions we will explore strategies of using Bayesian approaches to testing in each of 
these groups.

There are many factors which will influence real life decisions on which tests 
to order and when. Some of these are patient characteristics (ability to exercise), 
resource availability, institutional culture, and the degree of uncertainty a clinician/
patient is comfortable with accepting.

Bayesian approaches allow us to make informed decisions on sequential test 
selection. Tests assessing CAD by the same markers should not be duplicated. To 
avoid this, one potential way of classifying testing modalities would be: (i) tests 
that identify ischemia via surface changes—(e.g. stress ECG), (ii) tests that identify 
ischemia via nuclear tracer, (iii) tests that identify ischemia via wall motion abnor-
malities—(e.g. stress echocardiography) [15].

3.5.1 Test selection in patients with low and high pre-test probability

We know from ‘Rule 1’ that in a population with low prevalence, any positive 
result is likely to be a false positive. This means that in this scenario (low pretest 
probability) if one opts not to perform any cardiac testing, because you suspect the 
patient does not have CAD, you would be correct most of the time. ‘Rule 3’ stated 
that “If a disease is highly prevalent in a population, any negatives are more likely 
to be false negatives”. We also learnt in Section 2 that when testing is performed 
in this group, the possibility of true positive results does not improve much on no 
testing at all. If one opted to assume that every patient in this group (high pretest 
probability) had significant CAD and went ahead with a definitive test/treatment 
(i.e. ICA), one would be correct most of the time, and may avoid an unnecessary 
interim test.

3.5.2 Test selection in patients with intermediate pre-test probability

The intermediate pre-test probability group is where Bayesian approaches 
yield the greatest benefit. This is also where informed sequential testing can be 
very informative and efficient if used correctly. It is impossible for us to illustrate 
the relative outcomes of all possible combinations of testing here. We will use two 
examples to illustrate how tests with varying sensitivities and specificities can give 
different post-test probabilities when used in high (Patient A), low (Patient B) or 
intermediate pre-test probability patients (Patient C).
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Patient A has very high pre-test probability of disease (95%).
Patient B has very low pre-test probability of disease (5%).
Patient C has an intermediate probability of disease (50%).

Example 1. A test has a sensitivity of 90% and specificity 90% (e.g. nuclear 
imaging testing).

• Patient A (with 95% pre-test probability):

 ○ Chance a + test will mean + disease= >99%

 ○ Chance a − test will mean + disease = 68%

• Patient B (with 5% pre-test probability):

 ○ Chance a + test will mean + disease = 32%

 ○ Chance a − test will mean + disease = <1%

• Patient C (with 50% pre-test probability):

 ○ Chance a + test will mean + disease = 90%

 ○ Chance a − test will mean + disease = 10%

Example 2. A test has a sensitivity of 65% and specificity 65% (e.g. Exercise 
ECG testing).

• Patient A (95% pre-test probability):

 ○ Chance a + test will mean + disease = 97%

 ○ Chance a − test will mean + disease = 91%

• Patient B (5% pre-test probability):

 ○ Chance a + test will mean + disease = 9%

 ○ Chance a − test will mean + disease = 3%

• Patient C (50% pre-test probability):

 ○ Chance a + test will mean + disease = 65%

 ○ Chance a − test will mean + disease = 35%

The decision on when to stop testing or proceed with further evaluation based 
on post-test certainty, is highly individualized. It is based on the post-test value 
at which one thinks a disease has been either sufficiently ‘ruled-in’ or ‘ruled-out’. 
Generally, most a pre-test or post-test probability of ≤15% or ≥85% would be 
considered reasons to stop further testing—and either assume no disease when the 
probability is ≤15% or assume disease when the probability is ≥85%.
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4. Appropriate use criteria and the delivery of high-value care

Technological advancement has resulted in a growing number of available 
testing modalities that offer increased sensitivity and specificity [39]. This rapid 
growth has led to an increase in healthcare expenditure. Payers were the first 
to respond to this growth by implementing restrictions to regulate expenditure 
through strict criteria for reimbursement and prior authorization requirement.

In response, clinician led groups developed Appropriate Use Criteria (AUC) 
to improve efficient utilization of these testing modalities [40]. The American 
College of Cardiology (ACC) along with other organizations have developed 
AUC documents to aide with decision making for cardiac testing. The first 
statement of this kind was for the efficient utilization of myocardial perfusion 
imaging in 2005 [41]. Subsequently, AUC documents have classified indications 
for the use of: CCTA, echocardiography (including stress), cardiac magnetic 
resonance among others.

AUC documents are distinct from clinical guideline/recommendation state-
ments. Appropriate use is classified based on the ratio of possible benefit versus 
the potential harm of a procedure with an eye to ‘cost-effectiveness’. The defini-
tion of “an appropriate diagnostic or therapeutic procedure is one in which the 
expected clinical benefit exceeds the risks of the procedure by a sufficiently wide 
margin, such that the procedure is generally considered acceptable or reasonable 
care” [40].

AUC are scored from 1 to 9 and classified into three broad categories: ‘rarely 
appropriate care’ (score 1–3), ‘may be appropriate care’ (score 4–6) and ‘appropri-
ate care’ (score 7–9). The Bayesian criticism of these AUC statements is that they 
are often not based on evidence but rather on aims to reduce healthcare expenditure 
based on the availability of less costly, safe alternatives.

5.  Review of the current recommendations for the evaluation of stable 
ischemic heart disease (SIHD)

The use of functional testing (both exercise and pharmacological) has long been 
favored as the preferred modality of ischemia evaluation [10]. The main reasons are: 
(i) that applying increasing workload on the heart more closely mimics the patho-
physiology of supply/demand mismatch, (ii) exercise capacity provides incremen-
tal diagnostic and prognostic information and finally, and (iii) cost-effectiveness.

Since the advent of exercise stress testing, many alternative diagnostic modali-
ties have become available. As was previously mentioned, most of these testing 
modalities have not been compared to each other in head-to-head trials. The 
Bayesian criticism of much of the available evidence is that limited data regarding 
pretest clinical stratification or how posttest classification contributed to decision 
making is reported [42].

The biggest questions of the last decade have been whether (i) bypassing testing 
is a viable/safe option in select low risk patient groups, and (ii) if anatomic testing is 
as good as or a better alternative to traditional functional testing [37, 43]. It would be 
counterproductive to review all the guideline recommendations and AUC here since 
they are frequently revised and there are many competing agencies that produce them. 
Instead, we will just highlight a few which either follow or contradict the Bayesian 
method to give the reader a better understanding of some of their limitations.

In patients with low pretest probability and at low risk it is reasonable to exclude 
the diagnosis of stable angina on clinical assessment alone and defer further diag-
nostic testing [33]. This is supported by Bayesian argument. The decision to defer 
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testing is highly individual and will be guided by physician experience and shared 
decision making with patients.

The AUCs recommend exercise ECG as the initial testing modality in most 
patient populations [9–11]. We have previously showed the potential pitfalls of 
low sensitivity and specificity testing in either low or high probability patients. For 
this reason we do not recommend that exercise ECG testing be used alone to either 
exclude or diagnose significant CAD as a cause of stable chest pain, no matter the 
pretest probability [33]. However, exercise testing is still recommended because of 
the valuable prognostic information it provides (with the use of Duke Treadmill 
Score, etc.). This leads to the other bit of contradictory recommendations in the 
area of stress echocardiography in low pretest groups—where a patient’s ability to 
exercise downgrades stress echocardiography testing from ‘appropriate’ to ‘inappro-
priate’ [44]. Presumably, the AUC feels that a regular ECG exercise test is preferable 
in these patients, contrary to Bayesian arguments.

When the pretest probability of disease is very high, any testing is likely to result 
in a false negative. Bayesian methods argue for proceeding with definitive testing/
intervention. However, even in this patient population invasive coronary angi-
ography is usually a second or third-line option after other non-invasive tests are 
inconclusive [9, 33].

The anatomic testing modalities have high sensitivity. Nevertheless, they are 
regarded as rarely appropriate across all patient groups by current AUC [11]. On 
the other hand, the current NICE guidelines recommend offering 64-slice CCTA as 
a first testing modality in patients with typical angina. The recommendations for 
Heartflow FFRCT are less clear [45].

The final question remains, what is regarded as ‘confirmatory’. This varies with 
clinician comfort and experience. Some guidelines suggest that a posttest probabil-
ity of >85% is sufficient to confirm the diagnosis of significant CAD [15].

6. Limitations of the Bayesian approach

One of the major limitations of the use of the Bayesian method is its reliance 
on pre-test probability (some advocates of Bayesian approaches consider this to 
be a strength). Many critics have stated that this results in ‘subjectivity’ on which 
inferences of post-test outcomes are based [42]. We have already stated some of the 
many factors which contribute to variations in pre-test estimates at the individual 
clinician level. This point just reiterates the importance of scrutinizing the quality 
of evidence on which conclusions are based. Other proponents of the Bayesian 
approach have therefore stressed the need to base pre-test probability on sound 
reasoning and evidence and to combine available data to reach consensus [42].

7. Conclusions

Bayesian analysis is very important in the evaluation of patients with stable isch-
emic chest pain. Even with the use of a simplified assessment tool of pretest prob-
abilities, one can maximize efficiency of test selection, lower costs and improve 
patient outcomes.
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the potential harm of a procedure with an eye to ‘cost-effectiveness’. The defini-
tion of “an appropriate diagnostic or therapeutic procedure is one in which the 
expected clinical benefit exceeds the risks of the procedure by a sufficiently wide 
margin, such that the procedure is generally considered acceptable or reasonable 
care” [40].

AUC are scored from 1 to 9 and classified into three broad categories: ‘rarely 
appropriate care’ (score 1–3), ‘may be appropriate care’ (score 4–6) and ‘appropri-
ate care’ (score 7–9). The Bayesian criticism of these AUC statements is that they 
are often not based on evidence but rather on aims to reduce healthcare expenditure 
based on the availability of less costly, safe alternatives.

5.  Review of the current recommendations for the evaluation of stable 
ischemic heart disease (SIHD)

The use of functional testing (both exercise and pharmacological) has long been 
favored as the preferred modality of ischemia evaluation [10]. The main reasons are: 
(i) that applying increasing workload on the heart more closely mimics the patho-
physiology of supply/demand mismatch, (ii) exercise capacity provides incremen-
tal diagnostic and prognostic information and finally, and (iii) cost-effectiveness.

Since the advent of exercise stress testing, many alternative diagnostic modali-
ties have become available. As was previously mentioned, most of these testing 
modalities have not been compared to each other in head-to-head trials. The 
Bayesian criticism of much of the available evidence is that limited data regarding 
pretest clinical stratification or how posttest classification contributed to decision 
making is reported [42].

The biggest questions of the last decade have been whether (i) bypassing testing 
is a viable/safe option in select low risk patient groups, and (ii) if anatomic testing is 
as good as or a better alternative to traditional functional testing [37, 43]. It would be 
counterproductive to review all the guideline recommendations and AUC here since 
they are frequently revised and there are many competing agencies that produce them. 
Instead, we will just highlight a few which either follow or contradict the Bayesian 
method to give the reader a better understanding of some of their limitations.

In patients with low pretest probability and at low risk it is reasonable to exclude 
the diagnosis of stable angina on clinical assessment alone and defer further diag-
nostic testing [33]. This is supported by Bayesian argument. The decision to defer 
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testing is highly individual and will be guided by physician experience and shared 
decision making with patients.

The AUCs recommend exercise ECG as the initial testing modality in most 
patient populations [9–11]. We have previously showed the potential pitfalls of 
low sensitivity and specificity testing in either low or high probability patients. For 
this reason we do not recommend that exercise ECG testing be used alone to either 
exclude or diagnose significant CAD as a cause of stable chest pain, no matter the 
pretest probability [33]. However, exercise testing is still recommended because of 
the valuable prognostic information it provides (with the use of Duke Treadmill 
Score, etc.). This leads to the other bit of contradictory recommendations in the 
area of stress echocardiography in low pretest groups—where a patient’s ability to 
exercise downgrades stress echocardiography testing from ‘appropriate’ to ‘inappro-
priate’ [44]. Presumably, the AUC feels that a regular ECG exercise test is preferable 
in these patients, contrary to Bayesian arguments.

When the pretest probability of disease is very high, any testing is likely to result 
in a false negative. Bayesian methods argue for proceeding with definitive testing/
intervention. However, even in this patient population invasive coronary angi-
ography is usually a second or third-line option after other non-invasive tests are 
inconclusive [9, 33].

The anatomic testing modalities have high sensitivity. Nevertheless, they are 
regarded as rarely appropriate across all patient groups by current AUC [11]. On 
the other hand, the current NICE guidelines recommend offering 64-slice CCTA as 
a first testing modality in patients with typical angina. The recommendations for 
Heartflow FFRCT are less clear [45].

The final question remains, what is regarded as ‘confirmatory’. This varies with 
clinician comfort and experience. Some guidelines suggest that a posttest probabil-
ity of >85% is sufficient to confirm the diagnosis of significant CAD [15].

6. Limitations of the Bayesian approach

One of the major limitations of the use of the Bayesian method is its reliance 
on pre-test probability (some advocates of Bayesian approaches consider this to 
be a strength). Many critics have stated that this results in ‘subjectivity’ on which 
inferences of post-test outcomes are based [42]. We have already stated some of the 
many factors which contribute to variations in pre-test estimates at the individual 
clinician level. This point just reiterates the importance of scrutinizing the quality 
of evidence on which conclusions are based. Other proponents of the Bayesian 
approach have therefore stressed the need to base pre-test probability on sound 
reasoning and evidence and to combine available data to reach consensus [42].

7. Conclusions

Bayesian analysis is very important in the evaluation of patients with stable isch-
emic chest pain. Even with the use of a simplified assessment tool of pretest prob-
abilities, one can maximize efficiency of test selection, lower costs and improve 
patient outcomes.
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is a test to detect this disease. The test is 100% accurate for people who have the 
disease, and is 95% accurate for those who do not (this means that 5% of people 
who do not have the disease will be wrongly diagnosed as having it). If a randomly 
selected person tests positive what is the probability that the person actually has 
the disease?”
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Abstract

The life expectancy and quality of life of infants with congenital heart disease 
have increased in the last 30 years with significant advances in technological 
facilities, treatment methods, and surgeries. GER is a condition that can be seen 
in infants with CHD, which needs to be well followed up and to be differentiated 
between physiological and nonphysiological reflux. GER is a physiological condi-
tion that is common in infants with CHD and usually resolves spontaneously in the 
first 6–12 months of life. If the baby has adequate weight gain and nutrition status 
and there is no abnormal restlessness, the baby is considered to be uncomplicated 
GER. GERD is a pathological clinical entity that is accompanied by insufficient 
weight gain, esophagitis, and persistent respiratory system findings. When gas-
troesophageal reflux disease is considered, the first thing to be done is to complete 
the detailed anamnesis and physical examination of the infant. The reflux status 
of the infants can be examined with the surveys that were prepared for GERD 
and followed up for 1–2 months. If necessary, diagnostic methods such as esopha-
geal pH monitoring and radiological and endoscopic examinations can be used. 
Conservative approaches such as thickening of formulas and thickening of formulas 
and positional feeding are the the first treatment approaches for reflux.

Keywords: congenital heart disease, gastroesophageal reflux disease, infant, 
treatment, surveys

1. Introduction

The prevalence of congenital heart disease (CHD) is known to be approximately 
0.5–0.8% in all live births [1]. It is estimated that approximately 30–35% of chil-
dren with CHD require medical treatment, interventional procedures, or surgical 
treatment [2]. Over the last 30 years, significant advances in surgical techniques 
and medical treatment have been made in the treatment of CHD in the world [3]. 
Nutritional status of CHD patients in the first year has an important role in growth 
and neurodevelopmental functions. GERD, which is closely related to nutrition and 
malnutrition, should be considered in these patients [4].

Gastroesophageal reflux is a common condition in children in all age groups, 
with gastric contents retrograde passage to the esophagus, even pharynx and 
mouth. This condition is defined as gastroesophageal reflux disease (GERD) if it 
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1. Introduction

The prevalence of congenital heart disease (CHD) is known to be approximately 
0.5–0.8% in all live births [1]. It is estimated that approximately 30–35% of chil-
dren with CHD require medical treatment, interventional procedures, or surgical 
treatment [2]. Over the last 30 years, significant advances in surgical techniques 
and medical treatment have been made in the treatment of CHD in the world [3]. 
Nutritional status of CHD patients in the first year has an important role in growth 
and neurodevelopmental functions. GERD, which is closely related to nutrition and 
malnutrition, should be considered in these patients [4].

Gastroesophageal reflux is a common condition in children in all age groups, 
with gastric contents retrograde passage to the esophagus, even pharynx and 
mouth. This condition is defined as gastroesophageal reflux disease (GERD) if it 
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continues more frequently and continuously and causes worrisome symptoms and 
undesirable consequences [5]. Especially, it results in esophagitis or other esopha-
geal symptoms or symptoms of the respiratory system.

2. Definition

Gastroesophageal reflux is a physiological condition that may occur in healthy 
infants, children, and adults. It usually occurs in very short episodes (<3 minutes) 
and in the postprandial period without any symptom, esophageal damage, or 
complications. If these reflux processes cause worrisome symptoms and unwanted 
conditions, GERD is in question [6, 7].

Regurgitation refers to reflux in the oropharynx, while vomiting refers to the 
gastric contents coming out of the mouth. There is no need to be with repetition 
and any coercion. The use of these terms is intertwined in clinical practice, and 
no definite distinction is made. They are perceived as different states of the same 
process. Symptoms occur for many reasons (Table 1).

3. Epidemiology

A study of 948 infants in the United States reported a prevalence of reflux in 
the 4–6 months of life as 67% which has decreased to 5% by 10–12 months of age. 
Similarly in the study with 602 babies in India, it showed that the prevalence of gas-
troesophageal reflux, which was 55% in the first 6 months of life, decreased to 4% 
at 1 year of age [8, 9]. Epidemiological studies suggest that gastroesophageal reflux 
in infancy with CHD can be seen from the first month of life and the frequency 
of occurrence reaches to the peak around the fourth month, most of them recover 
after the age of 1 year, almost all of them at the age of 2 [10].

There is also a genetic predisposition to GERD. In addition to known GERD 
symptoms in some families, the incidence of endoscopic esophagitis, hiatus hernia, 
Barrett’s esophagus, and adenocarcinoma has been shown [11, 12]. Genetic factors 

Causes of vomiting

Gastrointestinal obstruction
Pyloric stenosis
Malrotation
Intestinal duplication
Hirschsprung’s disease
Antral/duodenal web
Foreign body

Neurological
Hydrocephalus
Subdural hematoma
Intracranial hemorrhage
Intracranial mass
Infant migraine
Chiari malformation

Renal
Obstructive uropathy
Renal insufficiency

Toxic
The lead
Iron
Vitamins A and D

Other gastrointestinal causes
Achalasia
Gastroparesis
Gastroenteritis
Peptic ulcer
Eosinophilic esophagitis 
gastroenteritis
Food allergy

Infectious
Sepsis
Meningitis
Urinary infection
Pneumonia
Otitis media

Cardiac
Congestive heart failure
Vascular ring

Metabolic/endocrine
Galactosemia
Hereditary fructose intolerance
Urea cycle defects
Amino and organic acidemias
Congenital adrenal hyperplasia

Table 1. 
Differential diagnosis in vomiting infants.
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which the 9q22-9q31 gene was mapped with infantile gastroesophageal reflux were 
thought to play a role in the concordance of gastroesophageal reflux in monozygotic 
twins compared to dizygotic twins [13].

Regurgitation is common in infants. However, typically around 1 year of age, it 
decreases or completely recovers. Regurgitation usually occurs in late infancy, but  
there is a weak relationship with GERD that occurs later in life. For example, 
frequent regurgitation in infancy and GERD in the mother (not the father) are 
risk factors that increase the occurrence of reflux-related symptoms in childhood 
[14]. In addition, it has been shown in a recent study that the psychopathological 
personality traits of the mother negatively affect the baby’s eating behavior and are 
effective in the development of reflux [15].

In a prospective study, it was found that babies with frequent vomiting more 
than 90 days in the first 2 years of life showed more adult symptoms of reflux at the 
age of 8–9 years [16].

4. Pathophysiology

The lower esophageal sphincter forms a functional barrier between the stomach 
and the esophagus and prevents the retrograde passage of stomach contents (acid, 
pepsin, sometimes bile) to the esophagus [17]. In addition, factors facilitating 
gastroesophageal reflux in CHD infants are the following:

1. Antireflux barrier dysfunction

2. Inadequate clearance mechanism of the esophagus

3. Impairment of esophageal mucosal resistance

4. Delay in gastric emptying

4.1 Antireflux barrier dysfunction

The physiological structure formed by the circular muscles, diaphragm cruses, and 
phrenoesophageal ligament in the esophagogastric junction forms the lower esopha-
geal sphincter (LES) which acts as the primary barrier function for reflux. In addition, 
the His angle between the esophagus and fundus and the intraabdominal segment of 
the esophagogastric junction are other components of the antireflux barrier.

The main problem leading to primary gastroesophageal reflux is not the loose 
of the lower esophageal sphincter; it is known that there are transient relaxations 
lasting longer than 5 seconds, independent of swallowing [17, 18]. Also some 
hormones (cholecystokinin, glucagon, vasoactive intestinal peptide (VIP), nitric 
oxide (NO), dopamine, secretin, and estrogen), drugs (atropine), and nutrients 
(peppermint, and cocoa) may contribute to GERD by reducing LES pressure [17]. 
In addition, the presence of stress associated with intensive treatment periods and 
interventions in complicated CHD patients may lead to increased catecholamine 
levels. Therefore, it may increase the expression of acid secretion and cause reflux 
formation [19].

4.2 Inadequate clearance mechanism of the esophagus

Physiological reflux attacks return the secretions and nutrients that escaped 
from the stomach to the esophagus for a very short period of time with the effect of 
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continues more frequently and continuously and causes worrisome symptoms and 
undesirable consequences [5]. Especially, it results in esophagitis or other esopha-
geal symptoms or symptoms of the respiratory system.

2. Definition

Gastroesophageal reflux is a physiological condition that may occur in healthy 
infants, children, and adults. It usually occurs in very short episodes (<3 minutes) 
and in the postprandial period without any symptom, esophageal damage, or 
complications. If these reflux processes cause worrisome symptoms and unwanted 
conditions, GERD is in question [6, 7].

Regurgitation refers to reflux in the oropharynx, while vomiting refers to the 
gastric contents coming out of the mouth. There is no need to be with repetition 
and any coercion. The use of these terms is intertwined in clinical practice, and 
no definite distinction is made. They are perceived as different states of the same 
process. Symptoms occur for many reasons (Table 1).

3. Epidemiology

A study of 948 infants in the United States reported a prevalence of reflux in 
the 4–6 months of life as 67% which has decreased to 5% by 10–12 months of age. 
Similarly in the study with 602 babies in India, it showed that the prevalence of gas-
troesophageal reflux, which was 55% in the first 6 months of life, decreased to 4% 
at 1 year of age [8, 9]. Epidemiological studies suggest that gastroesophageal reflux 
in infancy with CHD can be seen from the first month of life and the frequency 
of occurrence reaches to the peak around the fourth month, most of them recover 
after the age of 1 year, almost all of them at the age of 2 [10].

There is also a genetic predisposition to GERD. In addition to known GERD 
symptoms in some families, the incidence of endoscopic esophagitis, hiatus hernia, 
Barrett’s esophagus, and adenocarcinoma has been shown [11, 12]. Genetic factors 
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which the 9q22-9q31 gene was mapped with infantile gastroesophageal reflux were 
thought to play a role in the concordance of gastroesophageal reflux in monozygotic 
twins compared to dizygotic twins [13].

Regurgitation is common in infants. However, typically around 1 year of age, it 
decreases or completely recovers. Regurgitation usually occurs in late infancy, but  
there is a weak relationship with GERD that occurs later in life. For example, 
frequent regurgitation in infancy and GERD in the mother (not the father) are 
risk factors that increase the occurrence of reflux-related symptoms in childhood 
[14]. In addition, it has been shown in a recent study that the psychopathological 
personality traits of the mother negatively affect the baby’s eating behavior and are 
effective in the development of reflux [15].

In a prospective study, it was found that babies with frequent vomiting more 
than 90 days in the first 2 years of life showed more adult symptoms of reflux at the 
age of 8–9 years [16].

4. Pathophysiology

The lower esophageal sphincter forms a functional barrier between the stomach 
and the esophagus and prevents the retrograde passage of stomach contents (acid, 
pepsin, sometimes bile) to the esophagus [17]. In addition, factors facilitating 
gastroesophageal reflux in CHD infants are the following:

1. Antireflux barrier dysfunction

2. Inadequate clearance mechanism of the esophagus

3. Impairment of esophageal mucosal resistance

4. Delay in gastric emptying

4.1 Antireflux barrier dysfunction

The physiological structure formed by the circular muscles, diaphragm cruses, and 
phrenoesophageal ligament in the esophagogastric junction forms the lower esopha-
geal sphincter (LES) which acts as the primary barrier function for reflux. In addition, 
the His angle between the esophagus and fundus and the intraabdominal segment of 
the esophagogastric junction are other components of the antireflux barrier.

The main problem leading to primary gastroesophageal reflux is not the loose 
of the lower esophageal sphincter; it is known that there are transient relaxations 
lasting longer than 5 seconds, independent of swallowing [17, 18]. Also some 
hormones (cholecystokinin, glucagon, vasoactive intestinal peptide (VIP), nitric 
oxide (NO), dopamine, secretin, and estrogen), drugs (atropine), and nutrients 
(peppermint, and cocoa) may contribute to GERD by reducing LES pressure [17]. 
In addition, the presence of stress associated with intensive treatment periods and 
interventions in complicated CHD patients may lead to increased catecholamine 
levels. Therefore, it may increase the expression of acid secretion and cause reflux 
formation [19].

4.2 Inadequate clearance mechanism of the esophagus

Physiological reflux attacks return the secretions and nutrients that escaped 
from the stomach to the esophagus for a very short period of time with the effect of 
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normal esophageal peristalsis and gravity. In this way, acid, pepsin, and bile which 
may cause inflammation when it comes into contact with the esophageal mucosa 
are removed. However, the acid which has not been cleared from the esophageal 
mucosa is neutralized by swallowing saliva at the alkaline pH. The aim is to remove 
the gastric contents that will cause inflammation in the esophageal mucosa. 
Disruption of these natural mechanisms increases the exposure to reflux [20].

4.3 Impairment of esophageal mucosal resistance

The mucus layer and bicarbonate concentration covering the esophageal epi-
thelium, the connections between epithelial cell membrane and cells, intra- and 
extracellular buffers, blood flow at the postepithelial level, and acid-base balance in 
the tissue are the factors that provide the resistance of the esophageal mucosa.

4.4 Delay in gastric emptying

Breast milk is known to have a healing effect on the intestinal mucosa and is 
well absorbed from the mucosa. However, it cannot provide sufficient energy 
support alone in infants with CHD. Therefore, high-energy density formulas used 
in patients receiving nutritional support due to increased energy support cause 
reflux by delaying gastric emptying. Increased fluid and sodium load, especially in 
patients with heart failure, increases the existing failure and therefore leads to mal-
nutrition and increased metabolic consumption. In the presence of hepatomegaly 
and ascites, gastric emptying is delayed due to the compression of the stomach, and 
this delay causes gastroesophageal reflux [3, 21, 22].

Impaired gastrointestinal motility, the presence of protein-losing enteropathy, 
and the presence of mucosal atrophy secondary to decreased splanchnic blood flow 
significantly slow the frequency of food elimination and gastric emptying in infants 
with CHD [1, 4]. Heart failure, especially in infants with critical congenital heart 
disease, causes some gastrointestinal problems in addition to the findings of the pres-
ent disease. It causes intestinal edema, malabsorption, steatorrhea, and protein-losing 
enteropathy, which cause malnutrition. If the clinical situation cannot be controlled 
and progresses, it forms the basis for gastroesophageal reflux disease [4, 10, 23].

Animasahun et al. reported in their study that cyanosis was the most common 
presentation of congenital heart disease in children [14]. In a survey based on the 
frequency of GERD in CHD infants, cyanosis was found to be more frequent in favor 
of reflux in the group with cyanotic CHD. However, it was stated that this finding is 
not specific for reflux in CHD infants because this may also be caused by disease [10].

As a result insufficiency of lower esophageal sphincter, transient LES loosen-
ing, deterioration of esophageal dysmotility and esophageal clearance, stress and 
hormonal factors that increase gastric acidity, as well as delayed emptying of the 
stomach and using high-energy density formulas play a role in reflux pathophysiol-
ogy of CHD patients.

5. Clinical presentations

A thorough history, a detailed physical examination, and warning symptoms to 
exclude differential diagnoses are sufficient to make a clinical diagnosis of uncom-
plicated infant reflux. Regurgitation is the most frequent symptoms of infantile 
gastroesophageal reflux. In contrast to gastroesophageal reflux that occurs after 
birth, regurgitation may not be pronounced until the second or third week of life. 
The typical symptom of physiological reflux is effortless and painless regurgitation 
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which is called “happy spitter” [24]. A detailed nutritional history including the 
frequent amount of vomiting and regurgitation, feeding type (breastfeeding or 
formula), turning blue/purple in feeding time, hiccups, and behavior of the baby 
during feeding should be obtained.

In order to protect the airway from reflux during infancy, the dystonic posture 
formed by throwing back the baby’s head and sometimes the body can be mistak-
enly perceived as “seizure.” This condition, known as “Sandifer syndrome,” protects 
the airways from reflux or reduces abdominal pain caused by acid reflux. This 
position regresses with antireflux therapy [25, 26].

Unexplained crying attacks and restless behaviors during the day are 
associated with various conditions in infants. Healthy infants have crying 
attacks and restlessness on an average between 0 and 2 hours during the day. 
Excessive crying attacks and increased restlessness expressed by the family 
should be considered [27]. Feranchak and colleagues showed during video and 
pH monitoring study that infants had excessive crying attacks during reflux 
episodes [28].

Regurgitation, vomiting, irritability, and refusal of feeding which are common 
in infants may be clinical signs of reflux although food allergies that may develop 
with the same clinical presentation especially in infant children should be included 
in the differential diagnosis. Remember that vomiting/regurgitation during infancy 
may be the first sign of systemic infection, sepsis, or many metabolic diseases other 
than reflux [29]. Alarm symptoms should be questioned, especially in infants with 
vomiting under 1 year of age (Table 2).

6. Diagnosis

The first step in making a definitive diagnosis in gastroesophageal reflux 
disease is to suspect. The findings should be questioned with careful and detailed 
history. Anamnesis and physical examination are the basis of the treatment. A 
specific diagnostic test is not required to diagnose reflux in the presence of recur-
rent postprandial vomiting with typical history, especially in infants under 1 year 
of age. However, if symptoms are not typical or if reflux-related complications 
are suspected, specific methods should be used. Many methods are used for the 
diagnosis of GER. Each of these methods is important in obtaining different 
information [10, 30–32].

6.1 Surveys

The diagnosis of GERD in adults can generally be made by anamnesis and 
clinical history [33]. Since the complaints are difficult to identify in children under 

Alarm symptoms in a vomiting baby

Presence of bile
Gastrointestinal bleeding
Presence of force vomiting
Failure to thrive
Presence of blood
Abdominal distension

Diarrhea
Fever
Lethargy
Hepatosplenomegaly
Bulging fontanel
Macro/microcephaly
Seizure
Suspected genetic/metabolic syndrome

Table 2. 
Alarm symptoms requiring further investigation in infants with regurgitation and vomiting.
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4.4 Delay in gastric emptying

Breast milk is known to have a healing effect on the intestinal mucosa and is 
well absorbed from the mucosa. However, it cannot provide sufficient energy 
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Impaired gastrointestinal motility, the presence of protein-losing enteropathy, 
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which is called “happy spitter” [24]. A detailed nutritional history including the 
frequent amount of vomiting and regurgitation, feeding type (breastfeeding or 
formula), turning blue/purple in feeding time, hiccups, and behavior of the baby 
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attacks and restlessness on an average between 0 and 2 hours during the day. 
Excessive crying attacks and increased restlessness expressed by the family 
should be considered [27]. Feranchak and colleagues showed during video and 
pH monitoring study that infants had excessive crying attacks during reflux 
episodes [28].
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in infants may be clinical signs of reflux although food allergies that may develop 
with the same clinical presentation especially in infant children should be included 
in the differential diagnosis. Remember that vomiting/regurgitation during infancy 
may be the first sign of systemic infection, sepsis, or many metabolic diseases other 
than reflux [29]. Alarm symptoms should be questioned, especially in infants with 
vomiting under 1 year of age (Table 2).

6. Diagnosis

The first step in making a definitive diagnosis in gastroesophageal reflux 
disease is to suspect. The findings should be questioned with careful and detailed 
history. Anamnesis and physical examination are the basis of the treatment. A 
specific diagnostic test is not required to diagnose reflux in the presence of recur-
rent postprandial vomiting with typical history, especially in infants under 1 year 
of age. However, if symptoms are not typical or if reflux-related complications 
are suspected, specific methods should be used. Many methods are used for the 
diagnosis of GER. Each of these methods is important in obtaining different 
information [10, 30–32].

6.1 Surveys

The diagnosis of GERD in adults can generally be made by anamnesis and 
clinical history [33]. Since the complaints are difficult to identify in children under 

Alarm symptoms in a vomiting baby

Presence of bile
Gastrointestinal bleeding
Presence of force vomiting
Failure to thrive
Presence of blood
Abdominal distension

Diarrhea
Fever
Lethargy
Hepatosplenomegaly
Bulging fontanel
Macro/microcephaly
Seizure
Suspected genetic/metabolic syndrome

Table 2. 
Alarm symptoms requiring further investigation in infants with regurgitation and vomiting.
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12 years of age, the history is less reliable [34, 35]. The questionnaire forms are 
aimed at increasing the reliability of the history rather than making the diagnosis. It 
is widely accepted surveys that I-GERQ-R developed by Orenstein et al. and GSQ-I 
and GSQ-YC prepared by Deal et al. could be used in infants with gastroesophageal 
reflux [10, 35–37].

6.2 Barium contrast radiography

An upper gastrointestinal (GI) series are not sensitive and specific for the 
diagnosis of GERD. Especially in studies comparing esophageal pH studies, sensitiv-
ity, specificity, and positive predictive values were found to be very low [38, 39]. 
Therefore, radiological evaluation is not an appropriate method to confirm or exclude 
GERD. However, it can be used especially in the evaluation of selected cases with 
atypical or severe symptoms such as dysphagia or odynophagia. In these patients pro-
vides recognition of anatomical disorders such as achalasia, tracheoesophageal fistula, 
esophageal stricture, hiatal hernia, antral web, pyloric stenosis, intestinal malrotation 
or peptic strictures [33, 39].

6.3 Nuclear scintigraphy

Nuclear scintigraphy is a method of demonstrating the spread of isotope in the 
esophagus, stomach, and lung by ingestion of technetium-labeled food or food. 
The potential advantage when compared with the esophageal pH study is that it 
also shows reflux of nonacidic gastric contents and determines gastric emptying 
rate [40, 41]. However, its sensitivity and specificity are lower than the pH study. 
Therefore, its place in the diagnosis of GERD is limited and is not routinely recom-
mended [24, 42].

6.4 Esophageal pH monitoring

The important advantages of 24 hr monitoring that can show the relationship 
between GERD and the patient’s symptoms and allow the baby to be monitored 
for a long time (night, day, according to the position of the body) in the physi-
ological environment [5]. It is used frequently in the diagnosis of patients with 
non-gastrointestinal symptoms (such as stridor, cough, hoarseness, chest pain) and 
in the evaluation of the response to medical treatment in patients with refractory 
gastroesophageal reflux [43, 44].

24 hr monitoring in esophagitis shows the duration, frequency of acidic reflux, 
and the degree of pH to which the esophagus is exposed [45]. Since it is a useful 
method in finding and evaluating reflux, it is widely accepted as the gold standard 
[43, 46, 47]. However, problems such as breast milk shifting the pH of the stomach 
to the alkaline side, the amount of reflux cannot be determined, and the pH probe 
cannot be fully inserted into the lower end of the esophagus are disadvantages of 
this method [45, 47].

6.5 Endoscopic evaluation

Esophageal endoscopy and biopsy are other valuable methods for the diagnosis 
of GERD. Endoscopy is used to diagnose complications such as erosive esophagitis, 
stricture, and Barrett’s esophagus. Esophageal biopsy can be used in the histological 
diagnosis of reflux esophagitis in the absence of erosion and in the differentiation of 
allergic and infection-induced esophagitis. It also helps to exclude diseases such as 
allergic or infectious esophagitis.
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The normal appearance of the esophagus on endoscopy does not exclude 
histopathological esophagitis. Minimal mucosal changes such as erythema and 
pallor may occur without esophagitis [48]. In one study, 87% of 62 patients with 
esophagitis had normal or mild mucosal changes endoscopically [49]. There are 
no eosinophils and neutrophils in the esophageal epithelium in healthy infants 
and children [50]. Intraepithelial eosinophilia, which is one of the diagnostic 
criteria for reflux esophagitis, shows that the esophagus is associated with long-
term reflux injury [51].

7. Treatment

Physiological reflux should be considered in the approach to gastroesophageal 
reflux for infants with congenital heart disease, and patients should be followed up 
closely (1–2 month periods). Treatment decisions should be made according to the 
current clinical situation and follow-up [10]. GERD treatment in infants consists of 
three main topics.

1. Conservative measures

2. Pharmacological treatment

3. Surgical treatment

7.1 Conservative measures

7.1.1 Lifestyle changes

Lifestyle changes or regulation may vary according to age in infants, young 
children, and older children/adolescents. However, what is known is that lifestyle 
changes are effective in the prevention of GERD in infants as well as in adults. 
Education of parents and awareness raising of reflux, nutritional and positional 
changes are involved in the management of physiological reflux [52–54]. Lifestyle 
changes in non-pathological reflux should be made before aggressive treatment 
approaches in infants with CHD such as healthy infants [10].

7.1.2 Positioning

Antireflux conservative measures recommended during infancy are not to feed the 
baby in a supine position, to allow time to release gas for decompression of the stomach 
in the middle of the feeding, to place the baby in an anti-Trendelenburg position at 30° 
after feeding, and not to allow constipation [54, 55]. Many studies have shown that 
infants lying in the prone position significantly reduce acid reflux compared to the flat 
supine position [56]. Although keeping the head higher in the prone position was found 
to reduce reflux further, no such difference was found in the supine position. Despite its 
positive effect on prevention of reflux, finding a relationship between prone position 
and sudden infant death prevented this method to be recommended. However, if the 
child is still observed, this position can be applied after feeding [57, 58].

7.1.3 Dietary change

Since breast-fed infants are less likely to have GERD than infants who take 
formula, the importance of breastfeeding should be explained and encouraged 
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them. In this age group, cow’s milk allergy symptoms (regurgitation, vomiting, 
sometimes refusal to feed, and restlessness) may not be distinguished from physi-
ological reflux [59–61]. Therefore, in infants with persistent reflux symptoms, cow 
milk elimination should be performed for 2–3 weeks, and the patient should be 
followed up. The significant reduction in vomiting and other symptoms during this 
period and recurrence of symptoms when the diet is impaired suggest cow’s milk 
allergy [62].

It has been shown that the thickening of formulas and nutrients prevents weight 
loss by reducing vomiting and regurgitation rather than reflux episodes. For this 
purpose, adding the products containing thickeners (rice cereal, corn or potato 
starch, and carob bean gum) to thickeners may reduce the frequency and volume of 
regurgitation [63].

7.2 Pharmacological treatment

Pharmacotherapy therapy is not indicated in infants with CHD who has uncom-
plicated gastroesophageal reflux because physiological reflux tends to improve over 
time. Pharmacotherapy should be considered in the treatment of gastroesophageal 
reflux disease in patients who do not respond despite thickened feedings, lifestyle 
changes, and nutritional recommendations [64, 65].

7.2.1 Proton pump inhibitors

This group prevents acid secretion by inhibiting Na+ - K+ ATPase, called proton 
pump, which is responsible for acid secretion in parietal cells. Proton pump inhibi-
tors, which have a stronger acid suppressant and mucosal curative effect than 
H2RAs, maintain gastric pH above 4 and inhibit food-borne acid secretion. It is 
also more effective in healing erosive esophagitis. It is also more effective in heal-
ing erosive esophagitis. Their efficacy is 24 hours, so they have the advantage of 
using a single dose per day. Proton pump inhibitors, omeprazole, lansoprazole, and 
esomeprazole, which can be used in the treatment of infants with gastroesophageal 
reflux, should be appropriately adjusted: omeprazole (infants: 3–<5 kg, 2.5 mg/
day; 5–<10 kg, 5 mg/day; ≥10 kg, 10 mg/day), esomeprazole (infants: 3–<5 kg, 
2.5 mg/day; 5–<10 kg, 5 mg/day; ≥10 kg, 10 mg/day), and lansoprazole (infants and 
children: 1 mg/kg/day [maximum 15 mg/day]) [38, 65].

There are potential risks of acid suppression due to PPI treatment in young chil-
dren, which can be evaluated in four categories: idiosyncratic reactions, drug-drug 
interactions, drug-induced hypergastrinemia, and drug-induced hypochlorhydria 
[66]. The most common idiosyncratic reactions were detected in 14% of children 
receiving PPI and showed effects such as headache, diarrhea, constipation, and 
nausea. They can be improved by reducing the dose or replacing it with a different 
preparation [67, 68].

7.2.2 H2 receptor antagonists

The mechanism of action of H2 receptor antagonists, which is mainly used in 
children under 1 year of age, is to reduce acid secretion by inhibiting histamine 2 
receptors in gastric parietal cells [53, 66]. Cimetidine, ranitidine, nizatidine, and 
famotidine are drugs in this group used in the treatment of reflux esophagitis. 
The frequency and dosage of use of these drugs in children are as follows: cimeti-
dine (children: 30–40 mg/kg/day divided into four doses); ranitidine (children: 
5–10 mg/kg/day divided into two to three doses), which is the most preferred drug 
in the treatment of infants and children; famotidine (children: 1 mg/kg/day divided 
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into two doses); and nizatidine (children: 10–20 mg/kg/day divided into two doses) 
[38]. Although H2 receptor antagonists reduce pepsin and gastric acid secretion, 
they do not reduce the frequency of gastroesophageal reflux and are less effective 
than proton pump inhibitors.

If they are used in reflux treatment for a long time (>14 days), tachyphylaxis 
and hypochlorhydria which can lead to bacterial colonization may occur. Common 
adverse events include increased risk of enteritis infection, especially C. difficile 
enteritis, drowsiness, dizziness, headache, abdominal pain, and diarrhea [69–71].

7.2.3 Antacids

The mechanism of action of antacids containing a combination of magnesium, 
aluminum hydroxide, or calcium carbonate is shown by neutralizing gastric acid. 
The use of aluminum-containing antacids in infants can cause osteopenia, micro-
cytic anemia, and neurotoxicity, so it is not suitable for use in infants [72].

7.2.4 Surface barrier agents

Alginate and sucralfate are used as surface protection agents in reflux treat-
ment [24, 73]. According to the results of the meta-analysis in 2017, alginates have 
been shown to be less effective than H2 receptor antagonists and proton pump 
inhibitors. Alginates are water-soluble salts of alginic acid and act as protective 
agents for the mucosal surface. Sodium and magnesium alginate preparations 
have been shown to significantly reduce vomiting symptoms even in preterm and 
term infants by pH/MMI studies [74]. Sucralfate, composed of sucrose sulfate 
aluminum, converts into a gel form with gastric acid and adheres to the mucosa, 
which is exposed to peptic erosion. Its efficacy has been shown in children in a 
limited number of studies, but there are not enough studies in terms of its efficacy 
and side effects and safety [75, 76].

7.2.5 Prokinetic agents

Metoclopramide, cisapride, domperidone, and baclofen are among the drugs 
in this group and can be used in the treatment of gastroesophageal reflux disease. 
However, cohort studies have shown that prokinetic drugs are not helpful in 
treatment of reflux [77]. In addition, these agents are not recommended for use in 
infants and children as they have important side effects such as lethargy, irritability, 
gynecomastia, galactorrhea, ventricular arrhythmias, QT prolongation, extrapyra-
midal reactions, and persistent tardive dyskinesia [78, 79].

7.3 Surgical treatment

Surgical procedures such as fundoplication (Nissen) are rarely performed under 
1 year of age for indications such as recurrent pneumonia and life-threatening 
reactive airway disease. It is a method that can be applied in the case of cardiopul-
monary insufficiency, which is unresponsive to medical treatment in patients  
with CHD [80, 81].
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Abstract

In this review article, we described the common causes and approach for chest 
pain that happens after cardiac device implantation surgeries. We also describe the 
clinical features and appropriate treatment for them.
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1. Introduction

Cardiac implantable electronic devices (CIED) are being implanted for more 
than 600,000 patients on a yearly basis [1]. These CIEDs include pacemakers, 
implantable cardioverter defibrillators, and cardiac resynchronization therapy 
devices [2]. These implantation surgeries are not without risk, as there are many 
potential complications that can occur either immediately or in a delayed setting 
[3–6]. Many of the complications could have a common presentation of chest pain, 
and depending on the etiology, morbidity, and mortality can vary widely [7]. The 
surgical process itself during the cardiac implantation device surgery can result 
in chest pain [8]. However, it is paramount to differentiate chest pain due to acute 
coronary syndrome (ACS) from non-ischemic causes. In the setting of a ventricular 
paced rhythm or left bundle branch block, this can be difficult with electrocardiog-
raphy as the ST segments or T waves may hide or mimic ACS [9]. In this situation, 
the modified Sgarbossa criteria can be implemented to improve the diagnostic 
accuracy of electrocardiography in this patient population [10–12]. Hence, it is very 
important to identify the causes of chest pain after any cardiac implantation device 
surgery. In this chapter, we will discuss a practical approach to chest pain after 
cardiac implantation device surgery.

2. Chest pain after CIED implantation

For practical purposes, the etiology of chest pain after device implantation 
surgery could be divided based on the time of occurrence. We classified it into the 
following three categories:
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Cardiac implantable electronic devices (CIED) are being implanted for more 
than 600,000 patients on a yearly basis [1]. These CIEDs include pacemakers, 
implantable cardioverter defibrillators, and cardiac resynchronization therapy 
devices [2]. These implantation surgeries are not without risk, as there are many 
potential complications that can occur either immediately or in a delayed setting 
[3–6]. Many of the complications could have a common presentation of chest pain, 
and depending on the etiology, morbidity, and mortality can vary widely [7]. The 
surgical process itself during the cardiac implantation device surgery can result 
in chest pain [8]. However, it is paramount to differentiate chest pain due to acute 
coronary syndrome (ACS) from non-ischemic causes. In the setting of a ventricular 
paced rhythm or left bundle branch block, this can be difficult with electrocardiog-
raphy as the ST segments or T waves may hide or mimic ACS [9]. In this situation, 
the modified Sgarbossa criteria can be implemented to improve the diagnostic 
accuracy of electrocardiography in this patient population [10–12]. Hence, it is very 
important to identify the causes of chest pain after any cardiac implantation device 
surgery. In this chapter, we will discuss a practical approach to chest pain after 
cardiac implantation device surgery.

2. Chest pain after CIED implantation

For practical purposes, the etiology of chest pain after device implantation 
surgery could be divided based on the time of occurrence. We classified it into the 
following three categories:
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1. Immediate chest pain (during the procedure)

2. Post procedural chest pain (in the immediate postoperative period, within 
1–2 days)

3. Delayed chest pain

Just like any other surgical process, placing the leads and the devices resulted in 
various forms of trauma and by itself can produce chest pain. These adverse effects 
can occur during the procedure, in the immediate postoperative period, and well 
after the implant procedure.

2.1 Immediate chest pain during the procedure

2.1.1 Musculoskeletal

Most of these CIED surgeries are performed with moderate sedation [13]. 
Patients who undergo CIED surgeries are commonly elderly and have multiple 
co-morbid conditions [14]. This clearly limits the options for adequate analgesia 
and sedation due to concerns for adverse effects of sedatives and analgesics. Hence, 
adequate local anesthesia plays a major role in terms of pain control. If the patients 
are not adequately anesthetized with local anesthesia, they may experience sharp 
pain during various parts of device implantation. Even if they are adequately 
anesthetized with local anesthesia, this will be effective predominantly within 
the subcutaneous tissue [15]. Furthermore, patients may feel sharp pain when 
the muscle tissue is being manipulated, especially if they have to have a suture or 
cauterization of the muscles secondary to inadvertent bleeding. Safe vascular access 
is very important to minimize the complications of CIED surgery. Hence, most of 
the operating physicians try to use the junction between the clavicle and first rib as a 
landmark to minimize the risk of pneumothorax. Typically, the axillary vein can be 
accessed just at the level of the first rib [16]. If the needle passes the veins “through 
and through” and hits the periosteum of the first rib, patients may feel this dis-
comfort. After venous access, when the sheath is being advanced into the venous 
system, it could stretch the periosteum of the costoclavicular ligament which in 
turn can be uncomfortable for the patient. Hence, during this part of the procedure, 
it is very important to provide appropriate analgesia for the patient.

2.1.2 Pneumothorax

Pneumothorax, hemothorax, and hydropneumothorax are some of the danger-
ous complications after CIED implantation [17]. Implanting-physicians always 
strive to minimize these complications as they increase the morbidity and mortality. 
These complications are reduced by using micropuncture access needles, using 
contrast venography to identify the veins, and using ultrasound to identify the 
veins [18–20]. In addition to this, some physicians also use a bolus of intravenous 
fluid to engorge veins. Similarly, Trendelenburg positioning or elevating the 
patient’s legs with a wedge under the leg (without tilting the operating table) 
could be useful [21]. Some physicians also inject contrast when they are gaining 
access because the contrast tends to engorge the veins. In spite of these careful and 
meticulous approaches, sometimes pneumothorax is inevitable. Even though, the 
vein is accessed via the extrathoracic veins, it is possible that the patients may have 
a small bleb secondary to COPD, which through inadvertent entry may produce a 
pneumothorax [22]. Pneumothorax could be suspected at the earliest, when there is 
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aspiration of air with the introducer needle, before entering into the venous system. 
It is also imperative to note that the needle should be attached to the syringe air 
tight. Otherwise, it could give a false opinion of aspiration of air into the syringe. 
During access, after entering into the vein, if the patient has obstructive sleep 
apnea, they could create huge negative intrathoracic pressure during deep inspira-
tion which in turn can suck in air (Figure 1).

Causes of pneumothorax:

1. Advancing the needle deep into the lung parenchyma, beyond the first rib

2. Accidental puncture of superficial blebs

3. Medial puncture (intrathoracic part of the subclavian vein)

If the operating physician noted any signs of aspiration of air into the syringe, 
then the patient should be carefully monitored for possible pneumothorax. In addi-
tion to this, patients may also develop sudden onset of chest pain, cough, hypoxia or 
tachycardia. During this situation, fluoroscopy can be implemented immediately to 
evaluate for any pneumothorax; keeping in mind that supine positioning is not the 
ideal method of assessing for pneumothorax.

2.1.3 Mediastinal bleed

Any mediastinal bleed during CIED implantation could produce acute chest 
pain. This pain is typically very diffuse and radiates toward the posterior aspect of 
the chest secondary to mediastinal reflection [23, 24]. Patients may manifest tachy-
cardia secondary to sympathetic stimulation and hypotension, depending upon the 
extent of the blood loss. This is one of the dangerous conditions, which needs to be 
identified and addressed as soon as possible. Inadvertent access of the subclavian 
artery could produce mediastinal bleed. Hence, accessing the axillary vein at the 

Figure 1. 
Chest X-ray showing right sided pneumothorax.
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level of the first rib is a preferred approach as it allows for manual compression in 
this situation [25, 26]. After getting access into the central system, it is very impor-
tant to advance the guide wire below the diaphragm to confirm placement within 
the inferior vena cava and not in the arterial side prior to introduction of the sheath. 
This way, even if there is any inadvertent arterial access, the chances of mediastinal 
bleeding will be minimized. In the elderly patients, the venous system could be very 
tortuous especially at the level of the brachiocephalic system [27–29]. Hence, the 
wire and the sheath have to be advanced very carefully. If there is any resistance 
noted during advancement of the sheath, further advancement has to be done 
under fluoroscopic guidance.

2.1.4 Pericardial effusion/tamponade

During device implantation, it is possible that patients may have an acute peri-
cardial bleed leading to either pericardial effusion or pericardial tamponade [17]. 
Typically, patients have chest pain, tachycardia, and clinical features consistent 
with cardiogenic shock [30]. Pericardial chest pain typically radiates toward the 
shoulder blades and also toward the trapezius muscle, at the nape of the neck, due 
to the pericardial reflection. Further, it may be pleuritic in nature due to rubbing of 
the pericardium with the pleura [31]. When there is a clinical suspicion for pericar-
dial effusion or pericardial tamponade, immediate imaging is required without any 
delay; this needs to be addressed immediately, as appropriate treatment is lifesav-
ing. Perforation at the level of the intra-pericardial superior vena cava, right atrium, 
right atrial appendage, coronary sinus, or right ventricle are all possible and can 
lead to pericardial effusion [32, 33]. If there is any suspicion of pericardial effusion, 
immediate fluoroscopic evaluation looking for the lateral movement of the pericar-
dium is useful. Imaging with transthoracic echocardiogram or intracardiac echo-
cardiogram is also of great benefit. Immediate pericardiocentesis will be lifesaving 
[34]. It is also possible that there may be a slow and progressively worsening pleural 
effusion, which may not produce any clinical symptoms immediately and patients 
may present with late pericardial effusion. Minimal or small pericardial effusion 
could be managed conservatively by following the patient very closely. High dose 
aspirin, colchicine, and oral corticosteroids can be used to minimize the inflamma-
tory response [31]. However, if there is any hemodynamic compromise, pericardio-
centesis is then indicated. Depending on the clinical situation, lead revision may 
also be indicated (Figure 2).

2.2 Intermediate chest pain, during the recovery and within 1–2 days

2.2.1 Surgical site pain

As in any surgical procedure, the most common reason for the pain is usually 
due to postoperative swelling and will typically respond to simple analgesics and 
cold compression. In addition to this, it could be due to mechanical reasons includ-
ing superficial placement of the device within the subcutaneous tissue leading 
to too much pressure on the skin, lateral device placement in the infraclavicular 
region leading to mechanical irritation of the axillary nerve, nerve entrapment, etc. 
[35–37]. Very rarely, patients can also develop allergic reactions to the components 
of the CIED including titanium, cadmium, chromium, and nickel [38–40]. As 
these patients are typically advised to use an arm sling, their arm movements can 
be completely restricted which in turn could lead to shoulder pain [41, 42]; this is 
similar to early phase of adhesive capsulitis.
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2.2.2 Pleuritic/pericardial involvement

As discussed above, pneumothorax, pneumopericardium, hydropneumothorax, 
and pericardial effusion can produce delayed symptoms of pleural or pericardial 
pain leading to chest pain. This is typically due to a break in the continuity of the 
pleural or pericardial membrane secondary to lead perforation. It could be second-
ary to micro or macro perforations [43–45]. Nevertheless, patient symptoms of 
chest pain have to be evaluated very carefully and investigated accordingly. Simple 
chest X-ray and transthoracic echocardiogram would be sufficient in most cases 
[46]. Use of a CT chest could result in overreading lead perforation due to the pres-
ence of artifacts [47]. If there is any clinical suspicion for lead dislodgment, in most 
cases, lead revision would take care of the chest pain immediately.

2.2.3 Stress cardiomyopathy

Patients may develop stress cardiomyopathy/Takotsubo cardiomyopathy, in the 
postoperative period. Clinically, they may present with chest pain, shortness of 
breath, new onset arrhythmias, and positive troponins. Transthoracic echocardio-
gram will show apical ballooning and basal septal sparing [48]. Cardiac catheteriza-
tion can confirm the absence of any major obstructive coronary artery disease. Even 
though the pathophysiology of the stress cardiomyopathy is evident, etiology of 
stress cardiomyopathy in the setting of pacemaker implantation is not very clear. 
This could be secondary to the stress events which led to the device implantation, 
medications used for sedation, pacing induced dyssynchrony, and/or due to the 
stress of the surgical procedure itself [49–51].

2.2.4 Diaphragmatic pacing

In a small percent of the population, it is possible that patients may have 
diaphragmatic pacing due to direct capture of the phrenic nerve [52]. This can be 

Figure 2. 
CT chest showing pericardial effusion.
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diaphragmatic pacing due to direct capture of the phrenic nerve [52]. This can be 
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interpreted as chest discomfort/hiccups, manifesting predominantly in certain 
position [53]. For a CRT device, the coronary sinus lead would be placed into the 
posterolateral or lateral branches which would abut the lateral wall of the left 
ventricle [54, 55]. The left phrenic nerve runs very close toward the lateral border of 
the left ventricle. Hence, this lead could be pacing the phrenic nerve and producing 
diaphragmatic contractions. Usually, during lead placement, high output pacing 
will be performed from the coronary sinus lead to rule out any phrenic nerve cap-
ture. However, secondary to displacement of the leads, it is possible that the leads 
can move and capture the phrenic nerve leading on to diaphragmatic contractions 
[56]. The right ventricular lead typically does not produce diaphragmatic pacing 
except in the following situations: (1) perforation of the right ventricle and migra-
tion of the lead inferiorly to produce direct capture of the diaphragm; (2) extreme 
RV dilation to the extent that the lateral border of the cardiac silhouette is situated 
near the right ventricular apex [57]. These situations require lead revision. On the 
other hand, the right-sided phrenic nerve travels along the lateral border of the 
right atrium, distant from the right atrial appendage, and can lead to diaphragmatic 
pacing if the right atrial lead becomes dislodged and captures the right phrenic 
nerve [58, 59].

2.3 Delayed onset chest pain

2.3.1 Surgical site pain

In most patients, surgical site chest pain would resolve within a week or so. 
However, some patients may have prolonged, local chest discomfort secondary to 
increased sensitivity. Other conditions including superficial device placement lead-
ing on to pressure on the skin (usually at the margin of the device), nerve entrap-
ment, hematoma, allergic reactions, erosion, infection, etc., have to be ruled out 
[35–40]. Depending upon the etiology, we may have to open the pocket again and 
address the primary reason for the chest pain (Figure 3).

2.3.2 Delayed cardiac perforation

Delayed cardiac perforation secondary to CIED leads is uncommon when com-
pared to acute perforation [60–62]. Patients will typically have symptoms of chest 
pain and the clinical presentation may not be as dramatic as an acute perforation. 
Hence a high degree of clinical suspicion needs to be maintained and early imaging 
including X-ray, echocardiogram, and, if needed, CT scan could be beneficial in 
these patients [62]. Further, device interrogation may show loss of capture, even at 
high output. Often these patients may need a multi-disciplinary approach including 
electrophysiologists and cardiothoracic surgeons [63].

2.3.3 Pacemaker-mediated angina

In patients who have underlying coronary artery disease, angina can be pre-
cipitated secondary to rapid pacing [64]. Usually, pacemakers are programmed to 
minimize right ventricular pacing. However, dual-chamber pacemakers tract the 
atrial electrical activity and the ventricular pacing follows. Hence, in patients with 
a high sinus rate or atrial tachycardia, the right ventricle could be paced at a higher 
rate, thereby resulting in demand ischemia [65, 66]. In the setting of underlying 
clinical or subclinical coronary artery disease, this in turn can lead to angina. This 
presents as a classical anginal form of chest pain. This can be identified by alter-
ing the pacemaker rate. Treatment typically involves reprogramming the device 
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to minimize right ventricular pacing and eventually taking care of the underlying 
coronary artery disease [67].

2.3.4 Post cardiac injury syndrome

Patients who underwent CRT-D implantation may have a 3–6 week delayed onset 
of chest pain; this is more pericardial in nature and similar to Dressler syndrome. 
The main differentiating factor from delayed pericardial effusion/pericardial 
tamponade is that there is no pericardial fluid in this situation [68]. The pathogen-
esis of post cardiac injury syndrome is immune mediated. Imazio et al. proposed 
diagnostic criteria for post cardiac injury syndrome with at least two out of five 
being required [69].

1. Unexplained fever

2. Pleuritic or pericardial chest pain

3. Pericardial rub on auscultation

4. New or worsening pericardial/pleural effusion on imaging

5. Elevated inflammatory markers including CRP

These patients respond very well to high-dose of aspirin, colchicine, or oral 
corticosteroids.

2.3.5 Painful left bundle branch block syndrome

Painful left bundle branch block (LBBB) syndrome is one of the uncommon 
delayed conditions seen with CIED placement [70]. Patients who have right ven-
tricular pacemaker will have left bundle branch block morphology when pacing the 

Figure 3. 
Cardiac implantable electronic device erosion.
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right ventricle. On electrocardiography, this can be differentiated from an acute 
LBBB using the six criteria outlined by Shvilkin et al. [70]: abrupt onset of chest 
pain coinciding with the development of LBBB; simultaneous resolution of symp-
toms with resolution of LBBB; normal 12-lead ECGs before and after LBBB; absence 
of myocardial ischemia during functional stress testing; normal left ventricular 
function and the absence of other abnormalities to explain symptoms; and low 
precordial S/T wave ratio consistent with new-onset LBBB (<1.8 in this series) and 
inferior QRS axis.

Most of the patients tolerate right ventricular pacing without any significant 
clinical features. However, a small population of patients may develop significant 
chest pain, independent of coronary artery disease [71, 72]. Although the underly-
ing mechanism is unclear, several mechanisms have been postulated: (1) dyssyn-
chronous ventricular contraction occur due to paradoxical septal movement during 
ventricular pacing, (2) there is abnormal activation of the neurons responsible for 
interception ventricular pacing, and (3) there is microvascular ischemia during 
ventricular pacing as noted by elevated concentration of lactic acid in the coronary 
sinus [73–75]. A careful history and observation of chest pain only during right 
ventricular pacing is the clue to the correct diagnosis. Treatment of these patients 
is very challenging but patients may respond very well to either CRT therapy or His 
bundle pacing [74, 76–78].

3. Conclusion

Almost all the patients that undergo CIED implantation will have some sort of 
chest pain dependent on the time of occurrence (Table 1). Most of the time this is 
secondary to surgical site pain. However, this could also be secondary to multiple 
reasons including life-threatening complications. Hence, early diagnosis and 
prompt treatment is warranted to minimize morbidity and mortality.
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Table 1. 
Chest pain occurrence after cardiac implantable electronic device.
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Chapter 5

Aortic Dissection
Bina Nasim, Anas Mohammad, Sardar Zafar, Laji Mathew, 
Ahmed Sajjad, Anis Shaikh and Ghulam Naroo

Abstract

Aortic dissection remains one of the rare but life-threatening causes of 
chest pain presenting to the emergency department. High index of suspicion is 
required for prompt diagnosis of the cases presenting to the ED. Symptoms may 
vary with extent and the progression of the dissection and may further compli-
cate the diagnosis. Thus, patients may present with features of acute MI, CVA, 
or other end-organ ischemia. Hypertension at presentation may be an important 
clue for diagnosis of underlying dissection. In low risk patients, D dimer may 
become a useful screening tool. In patients with high index of suspicion, the 
choice of investigation will depend on the overall stability of the patient and 
extent of end-organ ischemia. Stable patients may benefit from CT angiogra-
phy due to its widespread availability and speed of acquisition. Diagnosis may 
be challenging for hemodynamically unstable patients in centers where the 
resources are limited. Transesophageal echocardiography may provide diagnosis 
in such patients at bedside or in the emergency department. Prompt investiga-
tions are required to accurately define the type and extent of damage so that the 
patient receives life-saving measures in a timely manner.

Keywords: aortic dissection, D dimer, CT angiography, transesophageal 
echocardiography

1. Classification

Aortic dissection (AD) has been conventionally classified based on anatomical 
considerations (Figure 1).

1.1 Anatomical classification

1.1.1 DeBakey classification

This classification takes into consideration the site of origin of the intimal tear 
and classifies AD into three types:

• Type I—Originating in the ascending aorta and propagating at least to the aortic 
arch.

• Type II—Originating and confined to the ascending aorta.

• Type III—Originating in the descending aorta.
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1.1.2 Stanford classification

This classification takes into consideration involvement of the ascending aorta 
irrespective of the origin of the intimal tear:

• Type A—Dissection involves the ascending aorta.

• Type B—Dissection spares the ascending aorta.

Stanford classification is widely used to drive further decision-making and 
management as any involvement of the ascending aorta (type A) is a surgical 
emergency, whereas type B can be managed conservatively.

1.2 Etiological classification

Aortic dissection can also be classified based on etiological considerations.

1.2.1 Sporadic

Not associated with any known congenital or genetically mediated syndromes.

1.2.2 Genetically mediated

Associated with known genetic syndromes like Marfan’s syndrome, Ehlers-
Danlos syndrome, Turner syndrome, and Loeys-Dietz syndrome.

1.2.3 Congenital cardiovascular defects

Bicuspid aortic valve, coarctation of aorta, and annuloaortic ectasia.

1.2.4 Traumatic

Prior cardiac surgery, blunt injury, and cardiac catheterization.

Figure 1. 
Anatomical classification of aortic dissection.
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1.3 Newer classification

With advancement of treatment approach in cases previously managed con-
servatively, especially with endovascular interventions, recent classifications have 
taken into consideration other factors like, the duration of symptom onset, evolu-
tion of complications, and extent of involved segments.

1.3.1 Dissect classification

The DISSECT classification system is a mnemonic-based approach with 
relevance to the therapeutic considerations, including endovascular manage-
ment. The six features of aortic dissection include duration of disease, intimal 
tear location, size of the dissected aorta, segmental extent of aortic involvement, 
clinical complications of the dissection, and thrombus within the aortic false 
lumen [1].

1.3.2 Penn ABC classification

The Penn ABC classification further divides type A aortic dissection based on 
evolution of complications:

• Aa—Absence of branch vessel malperfusion or circulatory collapse

• Ab—Branch vessel malperfusion with ischemia

• Ac—Circulatory collapse with or without cardiac involvement

• Abc—Both branch vessel malperfusion and circulatory collapse (localized and 
generalized ischemia)

1.3.3 Classification based on duration of symptoms

More recently type B aortic dissection has been classified based on duration of 
symptom onset [2]:

• Acute—less than 2 weeks

• Subacute—2 weeks to 92 days

• Chronic—>92 days

2. Pathophysiology

The pathophysiology of AD involves the breakdown of the intima and/or the 
media. The initiating event is an intimal tear. Less commonly rupture of the vasa 
vasorum may be the initiating event. Initial tear is commonly at the site of great-
est hydraulic stress which are the right lateral wall of the ascending aorta in about 
50–65% of the cases and the proximal segment of the descending aorta (20–30%) 
[3]. Subsequently, intramural extension of the bleeding both longitudinally and 
circumferentially causes the separation of aortic wall layers creating a true lumen 
and a false lumen. A further intimal tear may create a communication between the 
false lumen and true lumen. The dissection can extend in antegrade or retrograde 
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directions from the site of origin leading to complications including acute aortic 
insufficiency, cardiac tamponade, and organ ischemia and with disruption of the 
adventitial layer may lead to aortic rupture.

Intramural hematoma (IMH) is characterized by bleeding confined to the 
medial layer with no intimal tear visualized by current imaging studies.

Rarely ulceration of an atherosclerotic lesion penetrating to the medial layer may 
give rise to a penetrating aortic ulcer with similar consequences as of AD.

These three conditions, namely, AD, IMH, and penetrating aortic ulcer, are cat-
egorized under the broader category of acute aortic syndrome (AAS) (Figure 2) [4].

3. Predisposing conditions

Factors that increase the risk of aortic dissection in a person’s life include the 
following;

3.1 Age and sex

Aortic dissection tends to occur more in men between 60 and 80 years old, 
whereas women are generally older than men having aortic dissection [5]. However 
both men and women can develop these conditions at any age, but in females the 
outcome is worse. On the other hand, familial aortic dissections occur in younger 
patients as compared to sporadic aortic dissection [6].

3.2 Hypertension

Systemic hypertension is the most important predisposing condition for aortic 
dissection. It could be either an acute, transient, abrupt rise in blood pressure 
leading to aortic dissection by various mechanisms like strenuous resistance exer-
cises, weight lifting or illicit use of drugs like cocaine, egotism, and energy drink 
usage [7, 8]. While chronic or long-term hypertension keeps greater pressure on 
atherosclerotic arterial walls, leading to intimal tear and aortic aneurysm.

Figure 2. 
Acute aortic syndrome.
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3.3 Genetic disorders

People having specific genetic conditions have a higher incidence of aortic 
dissection, like Marfan’s syndrome, Turners syndrome, Ehlers-Danlos syndrome, 
annuloaortic ectasia, adult polycystic kidney disease, Noonan syndrome, and osteo-
genesis imperfecta. Mostly patients with Marfan’s syndrome who develop aortic 
dissection are young, around 40 years old, and have family history of Marfan’s 
syndrome and aortic dissection [9].

3.4 Bicuspid aortic valve

Bicuspid aortic valve usually leads to aortic dissection of ascending aorta, 
because of severe loss of elastic fibers in the media wall. Patients with bicuspid 
valves associated with aortic dissection are younger below 40 years age [10].

3.5 Coarctation of aorta

The most common area for congenital coarctation of aorta is the site of ductus 
arteriosus, where the aorta is focally narrowed. That area is usually underdeveloped, 
hypoplastic, and small, affecting the layers of the aorta, and increases the risk for 
aortic dissection.

3.6 Inflammatory or infectious conditions

Inflammatory or infectious diseases that lead to vasculitis (like giant cell arteri-
tis, rheumatoid arthritis, takayasu arteritis, syphilitic aortitis, etc.) affect the vaso 
vasorum or small arteries that supply blood to the aortic wall [11]. When these 
small arteries are compromised, they lead to the ischemic injury to the aortic wall 
and predisposes to aortic dissection. For example, in tertiary syphilis, inflammation 
begins at adventitia of the aortic arch leading to obliterative endarteritis of the vasa 
vasorum, luminal narrowing, ischemic injury of medial aortic arch, and finally loss 
of elastic support and vessel dilatation.

3.7 Blunt chest trauma

The aortic area most commonly involved in blunt chest trauma is the proximal 
descending aorta, due to its relative mobility over fixed abdominal aorta which is 
held in place by ligamentum arteriosum. Usually an acute deceleration injury in 
motor vehicle accident leads to aortic rupture or dissection.

3.8 Aortic instrumentation or previous heart surgery

Cardiac surgery or instrumentation for coronary or valvular heart diseases 
can be complicated by aortic tear, abnormal dilatation of aorta, and risk for aortic 
dissection [12].

3.9 Pregnancy and delivery

Both pregnancy and delivery are independent risk factors for aortic dissec-
tion [13], but with the presence of other connective tissue diseases like Marfan’s 
syndrome or bicuspid aortic valve, the risk usually multiplies. In pregnancy, aortic 
dissection occurs most commonly in third trimester due to hyper dynamic meta-
bolic state and hormonal effects on the vasculature.
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3.10 Fluoroquinolone usage

Some observational studies relate an increased association of aortic dissection or 
aneurysm with fluoroquinolone usage [14].

4. Clinical features of aortic dissection

The signs and symptoms of aortic dissection depends upon the extent of dissec-
tion and compression of adjacent vascular structures.

4.1 Symptoms

4.1.1 Chest pain

The most common symptom is severe pain of sudden onset, described by patient 
as sharp stabbing or tearing type. When pain localized to anterior chest wall, neck, 
or jaw, the point of origin of the aortic dissection is from the ascending aorta, and 
when it is localized to the interscapular area, abdomen, and back, the descending 
aorta is usually involved.

Pain that is localized to the abdomen must raise the possibility of involvement of 
the mesenteric artery.

In few cases the patient may present with pleuritic pain if pericardial hemor-
rhage occurs.

Dissection may present rarely without pain only and mostly in older patients 
in cases that involve the ascending aorta. Such patients also have more instances of 
stroke, heart failure, and syncope.

4.1.2 Syncope

Usually happens in aortic dissection presenting with cardiac tamponade or 
brachiocephalic vessel involvement and occurs in up to 10% of patients.

4.2 Signs

4.2.1 Hypertension

Seen in 30% of type A and 70% of type B disease.

4.2.2 Hypotension

Seen with ascending aortic dissection and may be due to aortic rupture lead-
ing to carotid tamponade (more in females), acute aortic regurgitation, acute MI, 
hemothorax ,or hemoperitoneum.

4.2.3 Transient pulse deficits

This results from the intimal flap or hematoma blocking or compressing the 
artery. It is common in dissection involving the aortic arch and thoracic and 
abdominal aorta.

Patients who presented with pulse deficits had more chances of having hypoten-
sion, coma, or neurological deficits. Such patients also had higher rates of complica-
tions and mortality.
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4.2.4 Cardiac murmurs

Aortic dissection involving the aortic valve results in aortic regurgitation and an 
early diastolic murmur in the Erb’s point (Austin Flint murmur). It occurs in about 
50–75% of all ascending aortic dissections.

4.2.5 Focal neurological deficits

Occurs when the aortic dissection involves the proximal branch arteries and 
compression of adjacent structures. The deficits may be:

• Stroke/altered consciousness

• Horner Syndrome (compression of cervical sympathetic ganglia)

• Hoarseness of voice (compression of the left recurrent laryngeal nerve)

• Acute paraplegic (spinal cord ischemia from intercostal vessel compression)

Also seen are:

• Collapsing pulse

• Wide pulse pressure

• Congestive cardiac failure

• Pleural effusion (commonly left-sided)

• Pulsating neck swelling

5. Work-up/diagnosis

In chronological order as the patient is admitted into ER with a clinical picture 
suggestive of aortic dissection:

5.1 Electrocardiography

ECG changes may mimic acute cardiac ischemia, which make it further difficult 
to distinguish aortic dissection from acute myocardial infarction in the presence of 
chest pain.

If the dissection involves the coronary ostia, the right coronary artery can be 
affected, which will lead to ST segment elevation in a similar pattern to inferior wall 
infarction.

In most cases, there will be non-specific ECG changes, or ECG can be normal.

5.2 Blood investigations

CBC: there may be leukocytosis due to stress state. Low hemoglobin and 
hematocrit suggests bleeding (dissection is leaking or has ruptured).

Elevated creatinine and BUN may indicate involvement of renal arteries (in 
such scenario you would expect hematuria, oliguria, or anuria), or it may indicate 
dehydration due to pre-renal blood loss (dissection is leaking or has ruptured).
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Troponin I and T may be elevated if the dissection has involved the coronary 
arteries and caused myocardial ischemia.

LDH (lactate dehydrogenase) may be elevated due to hemolysis in the false lumen.
D dimer: high negative predictive value. Aortic dissection is less likely if D 

dimer is negative [15].

5.3 Chest radiography

Widening of mediastinum is the classic finding (approximately 60% of cases), 
but it may not reveal any abnormality. In any case it should not delay the perfor-
mance of further imaging as CT or MRI [16]. A tortuous aorta (common in hyper-
tensive patients) may be mistaken for widened mediastinum; other differential 
diagnoses for widened mediastinum include enlarged thyroid, lymphoma, tumors, 
and adenopathy [17].

Hemothorax is expected to be seen as blood can accumulate in pleural space 
following dissection rupture.

Ring sign (aortic displacement more than 5 mm past the calcific aortic intima) 
and abnormal aortic contour can be seen in some patients.

Other radiological abnormalities can be seen including esophageal deviation, 
tracheal deviation to the right, depression of left mediastinal bronchus, left apical 
cap, pleural effusion, and loss of paratracheal stripe.

5.4 Echocardiography

Transesophageal echocardiography has higher diagnostic index (sensitivity 99% 
and specificity 97%) than transthoracic echocardiography (sensitivity 80% and 
specificity 90%) [18].

TEE is as accurate as CT and MRI, and it can be used at bedside which makes it 
suitable for hemodynamically unstable patients.

Limitations of transesophageal echocardiography:

• Operator dependent.

• Difficulty in obese patients.

• Not suitable for patients with esophageal stenosis or varicosities.

• Narrow intercostal space, pulmonary emphysema, and mechanical ventilation 
decrease its accuracy.

• Upper ascending aorta and arch may not be evaluated well.

• False-positive results may occur due to reverberations in the ascending 
aorta [19].

5.5 Computed tomography

CT with contrast is used more frequently in emergency department settings, 
only on hemodynamically stable patients who do not have adverse reaction to the 
intravenous contrast agents.

A 2014 guideline form American College of Radiology recommends CT angiogra-
phy as the definite modality if there is high clinical suspicion for aortic dissection [16]. 
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CTA provides detailed anatomic definition of the dissection and information about 
plaque formation.

Spiral (helical) CT is associated with higher rate of detection and better resolution 
than incremental CT scanning. Imaging information, including type of the lesion, 
location of pathologic lesion, extent of the disease, and evaluation of the true and 
false lumen can be assessed quickly and help the surgeon plan the operation [16, 20].

Limitations of CT:

• Cannot provide information about aortic regurgitation.

• CTA not suitable for patient with renal impairment or allergy to contrast 
material.

• Hemodynamic unstable patients cannot be shifted to radiology department.

5.6 Smooth-muscle myosin heavy-chain assay

Performed in the first 24 hours. Levels are higher in the first 3 hours; a 2.5-fold 
increase has a sensitivity of 91% and specificity of 98% for aortic dissection.

5.7 Measurement of the degradation products of plasma fibrin and fibrinogen

Plasma fibrin degradation product level (FDP) of 12.6 μg/mL or higher is sugges-
tive of the possibility of aortic dissection with false lumen in symptomatic patient.

Plasma fibrin degradation product level (FDP) of 5.6 μg/mL or higher is 
suggestive of the possibility of dissection with complete thrombosis of the false 
lumen [21].

5.8 Magnetic resonance imaging (MRI)

MRI has 98% sensitivity and specificity in detection of thoracic aortic 
dissection.

MRI shows the site on intimal tear, type and extent of dissection, presence 
of aortic insufficiency, as well as surrounding mediastinal structures. It has the 
advantage of not using contrast material; thus, it is preferred in patients with renal 
impairment or allergic to iodine [22].

Limitations of MRI:

• Not suitable for hemodynamically unstable patients.

• Requires much more time than CT.

• Not suitable for patients with pacemaker and other metallic implants [23].

5.9 Aortography

5.9.1 The gold-standard diagnostic modality for aortic dissection

Benefits include accurate visualization of the true and false lumen, intimal flap, 
aortic regurgitation, and coronary arteries.

Limits of aortography:

• Invasive procedure.
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• Not suitable for patient with renal impairment or allergic to contrast.

• Not suitable for hemodynamically unstable patients.

• The false lumen and intimal flap may not be visualized if the false channel is 
thrombosed.

• Simultaneous opacification of the true and false lumen may mask the dissection.

5.9.2 Diagnosis

Diagnosis is usually done through imaging. The choice of the imaging tech-
nique depends on the patient condition (whether he is hemodynamically stable 
or not).

Chest radiography is the initial basic imaging technique, but it may reveal no 
abnormality.

Further imaging options like computed tomography (CT) and CT angiography 
with three-dimensional reconstruction are of higher diagnostic value.

Magnetic resonance imaging (MRI) is as accurate as CT and may benefit patients 
who have adverse reaction to intravenous drug agents.

In hemodynamically unstable patient, echocardiography is ideal.
Aortography is the gold-standard diagnostic modality.

6. Differential diagnosis

6.1 Myocardial infarction

Typically presents with severe substernal or left-sided chest discomfort radiat-
ing to shoulders or left arm and shortness of breath and can be differentiated from 
AD by the typical ECG changes and the rise in the cardiac markers.

6.2 Myocarditis

Viral myocarditis is often preceded by flu-like symptoms, fever, joint pain, or 
features of upper respiratory tract infection. These patients usually present with 
heart failure, and ECHO is done to exclude it from other causes of heart failure.

6.3 Pericarditis or cardiac tamponade

Presents with sharp chest pain and may have a pericardial friction rub. Patients 
with tamponade present with cardiogenic shock and have low-voltage ECG with 
electrical alternans and enlarged cardiac shadow on the Chest X-ray.

6.4 Pulmonary embolism

Classically presents with sudden onset of chest pain, shortness of breath, and 
hypoxia. In patients suspected to have pulmonary embolism, CT pulmonary angio-
gram is the definitive investigation to establish the diagnosis.

6.5 Tension pneumothorax

Patients present with sudden onset of sharp chest pain and desaturation with 
absent breath sounds. Diagnosis can be established by Chest X-ray.
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6.6 Esophageal rupture

Often preceded by history of forceful vomiting, upper gastrointestinal endos-
copy or instrumentation. Chest X-ray shows pneumomediastinum, pneumothorax, 
or pleural effusion.

7. Management of aortic dissection

7.1 Acute management of aortic dissection involves immediate resuscitation

• Intensive blood pressure monitoring preferably with arterial line to maintain 
SBP between 100 and 120 mmHg and heart rate < 60/min, to prevent the dis-
section from expanding. This lowering of blood pressure can be attained with:

 ○ First line—Beta-blockade using labetalol (20 mg iv initially, followed by 
either 20–80 mg iv boluses every 10 min to a maximal dose of 300 mg or 
an infusion of 0.5–2 mg/min IV), esmolol (250–500 mcg/kg IV loading 
dose; then infuse at 25–50 mcg/kg/min, and titrate to maximum dose of 
300 mcg/kg/min).

 ○ Second line—In patients with asthma, allergy, or any contraindication to 
beta-blockade, calcium channel blockers diltiazem and verapamil can be used.

 ○ Third line—Vasodilator therapy. If blood pressure remains above 120mmHg 
and heart rate < 60/min, nitroprusside infusion (0.25–0.5 mcg/kg/min 
titrated to a maximum of 10 mcg/kg/min) can be initiated. This vasodilator 
therapy should not be used without first lowering heart rate with beta-/
calcium channel blocker.

 ○ Pain control using iv opioids (tramadol, morphine, fentanyl)

 ○ Specific management depends on site of dissection

7.1.1 Acute type A dissection

Acute type A dissection is a surgical emergency with a mortality of 1–2% per 
hour, as these patients are at high risk of complications such as aortic regurgitation, 
tamponade, myocardial infarction due to compression of the coronary ostium, 
stroke, and aortic rupture [24].

This excludes patients with significant comorbidities including prior debilitat-
ing stroke, ischemic heart disease, renal failure, malignancy, advancing age, and 
hemorrhagic stroke, which are associated with a bad prognosis.

These patients should also be assessed for any underlying coronary artery dis-
ease or any aortic valve disease by intraoperative transesophageal ECHO to identify 
any wall motion abnormality or aortic valvular defect.

In the International Registry of Aortic Dissection (IRAD) review of 547 patients 
in which 80 percent of type A patients were treated surgically and the remaining 20 
percent were treatment medically, inpatient mortality rates were 27 and 56 percent 
for surgical and medically treated patients. Medically treated patients were those 
with advanced comorbidities and aged individuals with poor prognosis [25].

Poor prognostic factors predicting increased mortality in type A patients accord-
ing to the IRAD study included advanced age, tamponade at presentation, prior 
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myocardial infarction, prior stroke, ischemia involving kidney or other viscera, 
advance renal or lung disease, and previous aortic valve replacement [25–31].

Open surgical repair for type A patients involves resection of the dissecting 
aneurysm and removal of intimal tear, closure of false lumen and repair of aorta 
using synthetic graft, and aortic valve repair/replacement. Repair of the aortic arch 
may also be needed depending on the extent of the pathology.

Patients with genetic disease like Marfan causing Aortic regurgitation, bicuspid 
aortic valve or aortitis need aortic valve replacement [32].

An alternative to open surgical repair in type A patients with ischemic complica-
tions like renal, mesenteric, and peripheral ischemia is endovascular stent grafting.

A novel approach involves the hybrid repair of type A dissection with “frozen 
elephant trunk repair technique,” which involves open surgical repair of the ascend-
ing aorta in the form of a traditional elephant trunk and endoscopic stent grafting 
to repair the descending aorta.

Studies have compared the total arch replacement using the frozen elephant trunk 
repair technique (FET) with the hemi-arch replacement (AHR) for the type A ascend-
ing aortic dissection in which the survival for the patients after 5 years was 95.3% for 
the FET group and 69.0% for the AHR group, indicating that FET techniques prevent 
further operations for the complications because of the false lumen [25, 33–35].

7.1.2 Type B aortic dissection

Medical management is preferred for uncomplicated cases of type B aortic 
dissections unless the dissection or aneurysm expands, ischemic complications or 
aortic rupture occurs, or the patient has persistent uncontrolled hypertension or 
chest pain, when surgical treatment or endovascular grafting is to be considered.

Conservative treatment for type B patients involves optimal BP control and 
long-term surveillance with imaging.

In the IRAD study of 384 patients with type B aortic dissection [36], 73 percent 
of patients were treated medically with mortality rate of 13% within the first week 
of admission. Factors associated with increased mortality were shock on presenta-
tion, widened mediastinum, excessively dilated aorta (≥6 cm), periaortic hema-
toma, patients with coma or altered consciousness, mesenteric or limb ischemia, 
acute renal failure, and patients who were treated surgically.

Endovascular stent grafting is done with the stent covering the dissection lead-
ing to thrombosis causing closure of false lumen.

Open surgical repair is rarely done in type B patients. It may be needed in those 
patients with genetic condition like Marfan’s syndrome in whom endovascular 
repair is difficult.

Several trials have compared medical management with endovascular stent 
grafting in uncomplicated patients with type B aortic dissection demonstrating that 
at 2 years there is no difference in survival in either of the endovascular versus medi-
cal groups (89% versus 96%) [37]; however at 5 years the occurrence of the aortic 
complications is reduced in the endovascular group improving late outcome [38].

7.2 Long-term management

Optimal blood pressure control is needed to prevent recurrence or aneurysm 
formation. This is best achieved by oral combination antihypertensive therapy 
often including oral beta-blockers. Target blood pressure of less than 120/80 mmHg 
is preferred.

Screening of first-degree relatives should be performed with transthoracic 
ECHO (TTE) to look for aortic aneurysm.

75

Aortic Dissection
DOI: http://dx.doi.org/10.5772/intechopen.89210

At discharge transesophageal ECHO (TEE), magnetic resonance imaging 
(MRA), or CT angiography should be performed to detect for any leak, and serial 
images should be done at 3, 6, and 12 months to look for any recurrence, expansion, 
aneurysmal formation, or leak. MRA is preferred to TEE as is it noninvasive. In 
patients with renal impairment, MRI can be done without gadolinium.

8. Prognosis

8.1 Type a aortic dissection patients

Untreated patients with type A dissections have a mortality rate of 1–2% per hour 
because of its association with high risk of complications of aortic rupture, tamponade, 
aortic regurgitation, ischemic complications of myocardial infarction, and stroke [24].

According to the IRAD follow-up study of 303 patients with type A dissec-
tion who were discharged from the hospital, surgically treated patients were 273 
(90.1%), and medically treated patients were 30 (9.9%). Surgically treated patients 
had a 1-year survival of 96.1 ± 2.4% and 3-year survival of 90.5 + 3.9%, whereas the 
medically treated type A dissection patients had a 1-year survival of 88.6 + 12.2% 
and 3-year survival of 68.7 + 19.8% [39].

8.2 Type B aortic dissection

Uncomplicated type B patients have an overall survival rate of 90% with imme-
diate medical management with effective control of blood pressure [36].

However in type B patients with complications of aortic rupture, expansion of 
dissection or ischemic complications of organ hypoperfusion the mortality rates 
were high. According to the IRAD study, the overall inhospital mortality rate was 
13% during the first week, for all type B aortic dissection patients. Mortality rate in 
type B dissection patients with complications, undergoing surgical management, 
was 32.1%, whereas in those treated with medical management alone, the mortality 
rate was 9.6% and was 6.5% for those treated with endovascular approach [36].

The 3-year survival rate for type B patients who were discharged from the hos-
pital according to the IRAD registry was 77.6 ± 6.6% for medically treated patients, 
82.8 ± 18.9% for surgically treated patients, and 76.2 ± 25.2% for those treated with 
endovascular approach [40].
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myocardial infarction, prior stroke, ischemia involving kidney or other viscera, 
advance renal or lung disease, and previous aortic valve replacement [25–31].

Open surgical repair for type A patients involves resection of the dissecting 
aneurysm and removal of intimal tear, closure of false lumen and repair of aorta 
using synthetic graft, and aortic valve repair/replacement. Repair of the aortic arch 
may also be needed depending on the extent of the pathology.

Patients with genetic disease like Marfan causing Aortic regurgitation, bicuspid 
aortic valve or aortitis need aortic valve replacement [32].

An alternative to open surgical repair in type A patients with ischemic complica-
tions like renal, mesenteric, and peripheral ischemia is endovascular stent grafting.

A novel approach involves the hybrid repair of type A dissection with “frozen 
elephant trunk repair technique,” which involves open surgical repair of the ascend-
ing aorta in the form of a traditional elephant trunk and endoscopic stent grafting 
to repair the descending aorta.

Studies have compared the total arch replacement using the frozen elephant trunk 
repair technique (FET) with the hemi-arch replacement (AHR) for the type A ascend-
ing aortic dissection in which the survival for the patients after 5 years was 95.3% for 
the FET group and 69.0% for the AHR group, indicating that FET techniques prevent 
further operations for the complications because of the false lumen [25, 33–35].

7.1.2 Type B aortic dissection

Medical management is preferred for uncomplicated cases of type B aortic 
dissections unless the dissection or aneurysm expands, ischemic complications or 
aortic rupture occurs, or the patient has persistent uncontrolled hypertension or 
chest pain, when surgical treatment or endovascular grafting is to be considered.

Conservative treatment for type B patients involves optimal BP control and 
long-term surveillance with imaging.

In the IRAD study of 384 patients with type B aortic dissection [36], 73 percent 
of patients were treated medically with mortality rate of 13% within the first week 
of admission. Factors associated with increased mortality were shock on presenta-
tion, widened mediastinum, excessively dilated aorta (≥6 cm), periaortic hema-
toma, patients with coma or altered consciousness, mesenteric or limb ischemia, 
acute renal failure, and patients who were treated surgically.

Endovascular stent grafting is done with the stent covering the dissection lead-
ing to thrombosis causing closure of false lumen.

Open surgical repair is rarely done in type B patients. It may be needed in those 
patients with genetic condition like Marfan’s syndrome in whom endovascular 
repair is difficult.

Several trials have compared medical management with endovascular stent 
grafting in uncomplicated patients with type B aortic dissection demonstrating that 
at 2 years there is no difference in survival in either of the endovascular versus medi-
cal groups (89% versus 96%) [37]; however at 5 years the occurrence of the aortic 
complications is reduced in the endovascular group improving late outcome [38].
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Optimal blood pressure control is needed to prevent recurrence or aneurysm 
formation. This is best achieved by oral combination antihypertensive therapy 
often including oral beta-blockers. Target blood pressure of less than 120/80 mmHg 
is preferred.

Screening of first-degree relatives should be performed with transthoracic 
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Chapter 6

Takotsubo Syndrome and Nitric 
Oxide Bioavailability
Michael Demosthenous, Konstantinos Triantafyllou  
and Nikolaos Koumallos

Abstract

Takotsubo cardiomyopathy, also known as broken heart syndrome or stress 
cardiomyopathy, is a form of transient left ventricular dysfunction. Severe apical 
and mid left ventricular hypokinesis with hypercontractility of the basal segments 
is observed. Numerous underlying causes and pathophysiological mechanisms have 
been proposed including sudden sympathetic activation and increase in the circu-
lating levels of catecholamines resulting in multivessel coronary spasm. Another 
possible mechanism related to catecholamine-mediated myocardial stunning is 
direct myocyte injury. Increasing data show that endothelial dysfunction and 
depleted nitric oxide bioavailability are common in patients with Takotsubo car-
diomyopathy. In this chapter we examine in depth the relation between endothelial 
dysfunction and Takotsubo syndrome.

Keywords: Takotsubo cardiomyopathy, broken heart syndrome, nitric oxide, 
endothelial dysfunction, ADMA

1. Introduction

Takotsubo cardiomyopathy (TC), also known as broken heart syndrome or 
stress cardiomyopathy, is a form of transient left ventricular (LV) dysfunction. 
Severe apical and mid left ventricular hypokinesis with hypercontractility of the 
basal segments is observed [1–4]. The name derives from the fact that the shape of 
the LV of patients with Takotsubo syndrome resembles the octopus fishing pot used 
in Japan where the first studied case of TC was done by Sato et al. in the early 1990s 
(Figure 1(a) and (b)).

The InterTAK diagnostic score is a score that predicts the probability of 
Takotsubo cardiomyopathy and differentiates form acute coronary syndrome. 
Female sex and emotional stress yield the highest score. Other predisposing factors 
include physical stress, psychiatric disorders, and neurological disorders.

Takotsubo cardiomyopathy usually presents with shortness of breath, 
hypotension, angina or syncope. Laboratory work may reveal elevated troponin 
levels. Electrocardiogram may show signs of ischemia, such as T wave inversion 
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Takotsubo Syndrome and Nitric 
Oxide Bioavailability
Michael Demosthenous, Konstantinos Triantafyllou  
and Nikolaos Koumallos

Abstract

Takotsubo cardiomyopathy, also known as broken heart syndrome or stress 
cardiomyopathy, is a form of transient left ventricular dysfunction. Severe apical 
and mid left ventricular hypokinesis with hypercontractility of the basal segments 
is observed. Numerous underlying causes and pathophysiological mechanisms have 
been proposed including sudden sympathetic activation and increase in the circu-
lating levels of catecholamines resulting in multivessel coronary spasm. Another 
possible mechanism related to catecholamine-mediated myocardial stunning is 
direct myocyte injury. Increasing data show that endothelial dysfunction and 
depleted nitric oxide bioavailability are common in patients with Takotsubo car-
diomyopathy. In this chapter we examine in depth the relation between endothelial 
dysfunction and Takotsubo syndrome.

Keywords: Takotsubo cardiomyopathy, broken heart syndrome, nitric oxide, 
endothelial dysfunction, ADMA

1. Introduction

Takotsubo cardiomyopathy (TC), also known as broken heart syndrome or 
stress cardiomyopathy, is a form of transient left ventricular (LV) dysfunction. 
Severe apical and mid left ventricular hypokinesis with hypercontractility of the 
basal segments is observed [1–4]. The name derives from the fact that the shape of 
the LV of patients with Takotsubo syndrome resembles the octopus fishing pot used 
in Japan where the first studied case of TC was done by Sato et al. in the early 1990s 
(Figure 1(a) and (b)).

The InterTAK diagnostic score is a score that predicts the probability of 
Takotsubo cardiomyopathy and differentiates form acute coronary syndrome. 
Female sex and emotional stress yield the highest score. Other predisposing factors 
include physical stress, psychiatric disorders, and neurological disorders.

Takotsubo cardiomyopathy usually presents with shortness of breath, 
hypotension, angina or syncope. Laboratory work may reveal elevated troponin 
levels. Electrocardiogram may show signs of ischemia, such as T wave inversion 
or even ST elevation [1]. Coronary angiogram typically reveals normal coronary 
arteries.
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2. Pathophysiology

The pathophysiology of TC is quite complex and a number of different mecha-
nisms have been proposed, including sudden sympathetic activation and increase 
in the circulating levels of catecholamines resulting in multivessel coronary spasm 
[5–15]. Coronary vasospasm and sympathetic mediated microvascular dysfunction 
have been observed in patients with TC.

According to Gupta et al. [16], the pathophysiology of sympathetic mediated 
coronary vasospasm and microvascular dysfunction can be divided in two phases.

According to the authors, the first phase starts with cognitive centers of the 
brain. As a response to stress, the hypothalamic-pituitary-adrenal axis is activated 
and releases catecholamines. In the case of TC, catecholamine and brain natriuretic 
peptide (BNP) levels are elevated significantly more than in patients with decom-
pensated heart failure after an acute coronary syndrome. Catecholamine levels then 
start to decline, but remain significantly higher than in patients with acute coronary 
syndromes even a week after the event. On the other hand, plasma BNP levels 
decline rapidly, compared to patients with acute coronary events, and this is in paral-
lel with the rapid improvement of the LV systolic function in TC. During the second 
phase, myocardial stunning occurs as a result of increased catecholamine levels.

3. Proposed mechanisms of Takotsubo syndrome

Plasma catecholamine levels are shown to be closely correlated with TC. In 
a study by Wittstein et al. [8], plasma catecholamine levels in 13 patients with 
stress-related myocardial dysfunction were compared with those in 7 patients who 
presented with acute pulmonary edema after myocardial infarction (Killip class III). 
The study showed that plasma catecholamine levels (epinephrine, norepinephrine, 
and dopamine) at presentation were markedly higher among patients with stress-
induced cardiomyopathy than among those with Killip class III myocardial infarc-
tion. According to the results of this study, patients with stress cardiomyopathy had 

Figure 1. 
(a) Angiogram of a patient with Takotsubo cardiomyopathy showing the apical balloning of the left 
ventricle. (b) The Takotsubo fishing pot after syndrome was named. You can appreciate the resemblance with 
angiographic image on the left.
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supraphysiologic levels of plasma catecholamines. Initial plasma levels were several 
times those of patients with myocardial infarction and remained markedly elevated 
even a week after the onset of symptoms [8].

The mechanism underlying the association between sympathetic activity and 
myocardial stunning is unknown.

Increased catecholamine levels result in either direct cardiomyocyte damage 
through increased calcium levels or in vascular spasm and microvascular dys-
function, which leads to ischemia [5–7]. Abnormal coronary flow in the absence 
of obstructive disease has recently been reported in patients with stress-related 
myocardial dysfunction [17]. Increased sympathetic activity and vascular spam also 
cause an increase in left ventricular afterload adding even more to the pathophysiol-
ogy of TC [8].

Oxygen-derived free radical circulating levels can be increased by catechol-
amines and they can cause myocardial injury, which can be attenuated by antioxi-
dants [18]; they can also interfere with sodium and calcium channels, increasing 
trans-sarcolemmal calcium influx resulting in myocyte dysfunction [19].

Oxidative stress often exaggerates myocardial stunning by affecting calcium 
homeostasis and causing excitation-contractive uncoupling resulting in myocardial 
dysfunction [6–8]. The histopathology of the myocardium in this condition differs 
from that found in ischemic insults and includes a neutrophil-predominant inflam-
mation, contraction band necrosis, and fibrosis [9]. These changes probably reflect 
calcium cardiotoxicity rather than ischemic necrosis. The pattern of ventricular wall 
abnormality in TC also points toward a neurally mediated mechanism of cardiac 
injury [11–13].

One other possibility is ischemia resulting from epicardial coronary arterial 
spasm. Increased sympathetic tone from mental stress can cause vasoconstriction in 
patients without coronary disease [20].

A third possible mechanism of catecholamine-mediated myocardial stunning 
is direct myocyte injury. Elevated catecholamine levels decrease the viability of 
myocytes through cyclic AMP-mediated calcium overload [21].

4. Nitric oxide: endothelial dysfunction and Takotsubo cardiomyopathy

In 1980, Furchgott and Zawadzki [22] identified the “endothelium-derived 
relaxing factor” (later recognized as the free gas nitric oxide (NO)) as responsible 
for the relaxation of vascular smooth muscle cells in response to acetylcholine.

NO is synthesized by the enzyme NO synthase (NOS). This enzyme was 
first identified and described in the late 1980s. The enzyme NOS catalyzes the 
biosynthesis of NO through a reaction involving the conversion of L-arginine to 
L-citruline [23]. NOS is a dimer consisting of two identical monomers, which can 
be divided into two major domains: the C-terminal reductase and the N-terminal 
oxygenase domain [24]. It contains binding sites for flavin adenine nucleotide 
(FAD), nicotinamide adenine dinucleotide phosphate (NADPH) and flavin mono-
nucleotide (FMN) in close relation with cytochrome P-450 reductase. The latter 
binds haem, tetrahydrobiopterin (BH4), and L-arginine, which acts as a substrate.

There are three different NOS isoforms, which differ between them in struc-
ture and function [25]. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are 
Ca2+-dependent enzymes (despite the fact that eNOS can be activated and in an 
Ca2+-independent manner) [26]. Inducible NOS (iNOS) is only expressed at high 
levels after induction by cytokines (thus the name inducible) or other inflam-
matory agents. Its activity is independent of intracellular Ca2+ levels. The three 
NOS isoforms are similar in the way that they have regions of high homology 
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function, which leads to ischemia [5–7]. Abnormal coronary flow in the absence 
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cause an increase in left ventricular afterload adding even more to the pathophysiol-
ogy of TC [8].

Oxygen-derived free radical circulating levels can be increased by catechol-
amines and they can cause myocardial injury, which can be attenuated by antioxi-
dants [18]; they can also interfere with sodium and calcium channels, increasing 
trans-sarcolemmal calcium influx resulting in myocyte dysfunction [19].

Oxidative stress often exaggerates myocardial stunning by affecting calcium 
homeostasis and causing excitation-contractive uncoupling resulting in myocardial 
dysfunction [6–8]. The histopathology of the myocardium in this condition differs 
from that found in ischemic insults and includes a neutrophil-predominant inflam-
mation, contraction band necrosis, and fibrosis [9]. These changes probably reflect 
calcium cardiotoxicity rather than ischemic necrosis. The pattern of ventricular wall 
abnormality in TC also points toward a neurally mediated mechanism of cardiac 
injury [11–13].

One other possibility is ischemia resulting from epicardial coronary arterial 
spasm. Increased sympathetic tone from mental stress can cause vasoconstriction in 
patients without coronary disease [20].

A third possible mechanism of catecholamine-mediated myocardial stunning 
is direct myocyte injury. Elevated catecholamine levels decrease the viability of 
myocytes through cyclic AMP-mediated calcium overload [21].

4. Nitric oxide: endothelial dysfunction and Takotsubo cardiomyopathy

In 1980, Furchgott and Zawadzki [22] identified the “endothelium-derived 
relaxing factor” (later recognized as the free gas nitric oxide (NO)) as responsible 
for the relaxation of vascular smooth muscle cells in response to acetylcholine.

NO is synthesized by the enzyme NO synthase (NOS). This enzyme was 
first identified and described in the late 1980s. The enzyme NOS catalyzes the 
biosynthesis of NO through a reaction involving the conversion of L-arginine to 
L-citruline [23]. NOS is a dimer consisting of two identical monomers, which can 
be divided into two major domains: the C-terminal reductase and the N-terminal 
oxygenase domain [24]. It contains binding sites for flavin adenine nucleotide 
(FAD), nicotinamide adenine dinucleotide phosphate (NADPH) and flavin mono-
nucleotide (FMN) in close relation with cytochrome P-450 reductase. The latter 
binds haem, tetrahydrobiopterin (BH4), and L-arginine, which acts as a substrate.

There are three different NOS isoforms, which differ between them in struc-
ture and function [25]. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are 
Ca2+-dependent enzymes (despite the fact that eNOS can be activated and in an 
Ca2+-independent manner) [26]. Inducible NOS (iNOS) is only expressed at high 
levels after induction by cytokines (thus the name inducible) or other inflam-
matory agents. Its activity is independent of intracellular Ca2+ levels. The three 
NOS isoforms are similar in the way that they have regions of high homology 
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(the oxygenase and the reductase domains) while at the same time each isoform 
exhibits unique features, which signify their specific functions.

The main source of endothelial NO production is eNOS. Specific properties 
of eNOS enable the enzyme to perform its specialized functions. These are Ca2+ 
sensitivity and the post-translational modifications, which facilitate sub-cellular 
localization. These properties enable eNOS to respond not only to hemodynamic 
forces but to neurohormonal agents as well. There are several factors such as estro-
gens, hypoxia, and exercise that are known to modify its expression, likely having 
an impact on cardiovascular function.

4.1 Physiological role of NO: role of NO in vasomotion (vasorelaxation)

As mentioned above, Furchgott and Zawadzki [22] first demonstrated that 
endothelium reversed the intrinsic constrictive effects of acetylcholine on the 
vascular smooth muscle through the release of NO. Numerous experimental and 
clinical studies confirmed that all the arterial endothelium, and to a lesser extent 
vein endothelium, releases NO. When the endothelium is normal, vasoconstriction 
is counteracted by the potent vasorelaxing effect of NO. The importance of NO in 
vasodilation varies between vascular beds and among animal species. Chemical 
modifications of the guanidino group of L-arginine result in compounds that 
inhibit NO synthase. NG-nitro-L-arginine (L-NA), NG-monomethyl-L-arginine 
(L-NMMA), and NG-nitro-L-arginine methyl ester (L-NAME) inhibit the release 
of NO from endothelial cells, indicating that there is continuous release of NO, 
which maintains the vasodilator tone.

4.2 The role of L-arginine analogues in eNOS function

ADMA is an amino acid that circulates in plasma, is excreted in urine, and is 
found in tissues and cells [27–29]. ADMA synthesis involves methylation of arginine 
residues by protein arginine methyltransferases (PRMTs) [30]. During methyla-
tion, either one or two methyl groups are added to the guanidine nitrogens of argi-
nine, which are incorporated into proteins. There are two types of PRMT. Type 1 
catalyzes the formation of ADMA and type 2 catalyzes the formation of symmetric 
dimethylarginine (SDMA) through the methylation of both guanidino nitrogens. 
Both PRMTs can monomethylate as well. Monomethylation leads to the formation 
of another asymmetrical form called NG-monomethyl-L-arginine (L-NMMA) [31].

The asymmetrical forms (ADMA and L-NMMA) are natural inhibitors of all 
NOS isoforms, whereas the symmetrical form (SDMA) is not. ADMA and L-NMMA 
inhibit all three isoforms of NOS [32, 33]. L-NMMA may also uncouple NOS leading 
to the generation of free radicals and more specific of superoxide [34]. Superoxide 
formation by this process further results in myocardial injury seen in TC.

Increased sympathetic activity and alterations in NO synthesis attributable to 
accumulation of ADMA is now recognized as an important mechanism involved in 
cardiovascular complications [35].

ADMA plasma levels are found to be related to insulin resistance, blood pres-
sure, carotid intima thickness, and age even in healthy individuals, free from 
cardiovascular disease [36, 37] suggesting that increased ADMA levels are a marker 
for arteriosclerotic changes.

4.3 Endothelial dysfunction and TC

Increasing data show that endothelial dysfunction is common in patients with 
TC, which could explain the two of the proposed mechanisms reported at the 
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beginning of this chapter: propensity for epicardial and/or microvascular coro-
nary artery spasm. Indeed, endothelial dysfunction may be a crucial link between 
myocardial dysfunction seen in TC and stress [38]. Consequently, the reversible LV 
dysfunction seen in TC may be the result of myocardial stunning due to this ephem-
eral myocardial ischemia caused by endothelial dysfunction. This mechanism, 
attenuated by endothelial dysfunction, may also be the cause of high prevalence of 
TC in postmenopausal women due to estrogen level depletion, which is related to 
vasomotor abnormalities [39–41].

Under physiological circumstances, estrogens are beneficial for coronary micro-
circulation. Estrogens have a pivotal role in improving coronary blood flow through 
endothelium-dependent or independent-mechanisms [41]. Reduced estrogen levels 
in menopause positively affect endothelial dysfunction and sympathetic drive [40]. 
Through this effect, postmenopausal estrogen deficiency possibly facilitates the 
occurrence of TC, especially when emotional stress is in the equation.

Endothelial dysfunction is closely associated to the traditional risk factors for 
cardiovascular disease. On the other hand, traditional risk factors for cardiovascular 
disease (smoking, dyslipidemia and hypertension) are present in patients with TC 
in a non-negligible prevalence [42–44]. In addition, there is growing evidence that 
patients with TC also have various comorbidities, including neurological, pulmo-
nary, kidney, and liver disease [42], conditions mostly associated with endothelial 
dysfunction and might therefore constitute a previously unrecognized predisposing 
factor for TC [45].

5. Conclusion

TC is now a well-recognized syndrome with a very complex pathophysiology. 
Increased sympathetic activity and plasma catecholamine levels have a pivotal role 
in the expression of TC. Recent data suggest that endothelial dysfunction and NO 
depletion are crucial predisposing factors for this syndrome and could be a crucial 
link between emotional stress and myocardial dysfunction.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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